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CHAPTER I 
INTRODUCTION
Many new methods and imaging instruments have been introduced to the 
field of aerial remote sensing. One of these instruments is the infrared line 
scanner which detects the infrared range of the electromagnetic spectrum. 
Because the infrared line scanner is a recent innovation to the field and its 
potential use is not fully known, research is being conducted to better define 
the possible applications of the imagery produced by this system.
Thermal infrared imaging devices have the capability of detecting and 
recording on film or magnetic tape slight differences in temperature. Using the 
more sensitive scanners differences of 0 .0 1 °C can be detected. These recorded 
differences in temperature have present and potential application in such fields 
as geology, oceanography, geography, hydrology, agriculture and forestry 
(Colwell, 1966).
Infrared imagery has the potential to be used in the study of tempera­
ture environments for the purpose of determining energy exchange relationships, 
the vigor of vegetation and the moisture content of soils and vegetation. To 
develop the possible applications of radiation-tempe rature relationships recorded 
on infrared imagery, on-the-ground relationships and an understanding of them 
must be established (Gerlach, 1967).
To establish on-the-ground understanding of temperature relationships, 
correlations must be found between actual surface conditions and the infrared
2
radiation emitted by the surfaces. This can be done by recording measurements 
of the ground characteristics, such as soil moisture content, atmospheric humidity, 
and wind velocity, and at the same time recording the infrared radiation of the 
surfaces under study. The data collected is then analyzed to find relationships 
and the affecting factors. These relationships ore then applied to differences in 
thermal radiation recorded on infrared imagery of the area. Hodgin (1962) 
states that "soil moisture content could be found by repetitive measurements with 
-the radiometer in an area where correlations of on-the-ground tests could make 
possible later remote sensing measurements having high validity. Surface tempera­
tures could be determined by infrared sensors." Thermal infrared imagery can be 
used to readily determine moisture conditions such as standing water and saturated 
or moist soil (Corneggie, e t a l . ,  1966).
The purpose of this study is,then,to find the correlation between apparent 
surface radiation temperatures and surface soil moisture on the study area. The 
validity of this correlation may improve the ability to derive information in a 
terrain analysis through the interpretation of infrared remote sensor imagery.
OBJECTIVES
The objectives of this study ore to determine:
1. If there is a significant, and meaningful correlation between the 
apparent surface radiation-temperature and surface soil moisture on the study 
area.
2 . The effects of the major variables,-Such as: vegetation type,
height and cover; relative humidity, wind speed and cloud cover, in the above 
relationship.
3 . Under what conditions, such as time of day, season and weather 
conditions, ore apparent surface radiation-temperature and surface soil moisture 
most strongly related.
4 . If surface soil moisture can be classified and mapped using apparent 
surface radiation-temperatures on the study area.
o
CHAPTER II 
LIBRARY RESEARCH
I.  REMOTE SENSING IN THE THERMAL INFRARED
The infrared sensing recorder, a remote sensing instrument, is correctly 
called an Infrared Line Scanner. A remote sensing instrument is one that is used 
for the measurement of some property of an object without physical contact 
between the measuring device and the object.
The infrared line scanner contains an optical system which collects 
radiation from the earth's surface using a series of mirrors which concentrates the 
infrared radiation at the focus of a parabolic mirror. The radiation is collected 
from a narrow path which is normal to the flight line, and to obtain coverage of 
a large area the focusing optics must be moved. The movement is accomplished 
by mounting the collecting mirrors on a rotating shaft. As the shaft rotates, the 
field-of-view moves and infrared radiation is detected from a narrow path of the 
earth's surface on the flight line and also on both sides of it. The forward motion 
of the plane and rotating of the collecting mirrors enables one narrow path of the 
earth's surface to be sensed after another, thus the name line scanner. Scanning 
one path after another permits large areas to be scanned in a relatively short time. 
A detecting device is mounted so that it is at the focus of the parabolic mirror. 
This detector transforms the infrared radiation focused on it into an electric signal 
which is amplified and transmitted to the signal processing and display system.
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The strength of the electric signal generated varies as the radiation received by 
the detector. The output of the detector activates a cathode ray tube. A beam 
of electrons is swept across the face of the tube. The intensity of this beam is 
governed by the power of the amplified signal from the detector. The trace of 
the beam of electrons is imaged or recorded on a recording medio (photographic 
film, or magnetic tape). The intensity of incoming infrared radiation governs 
the intensity of the line recorded on the film. The film is pulled past the scan 
line and as scan lines are recorded on the film, an image is formed. A more 
detailed description of the principles and operations of infrared line scanners is 
given by Hirsch (1965) and Croon,et a l . ,  (1968). Because the terrain is not 
photographed directly by the infrared line scanner, the term "infrared imagery" 
is used to describe the final photograph obtained.
Methods ore being developed to quantify infrared energy relationships 
of terrain detail as seen on infrared imagery. There are many variables affecting 
the intensity of the infrared radiation which reaches the measuring device. The 
variations in the amount of radiation which is emitted by the different features of 
the terrain are due to differences in either emissivity or temperature, or a com­
bination of both. There are many factors that contribute to variations in tem­
perature at the surface of the earth. Some of these factors which individually, 
or in combinations, may predominate in importance in inducing temperature 
variations are:
(1) wind, (2) heat capacity, (3) thermal conductivity, (4) surface- 
to -V O  lu me ratios, (5) moisture content and the evaporation processes, 
(6) sky cover and its effect on radiation exchange, (7) topography and 
solar history, (8) elevation differences and the thermoclines, (9) 
metabolism of plants and animals, and (10) dew fall and precipitation 
(Morgan, 1962),
A ll matter with a temperature above absolute zero radiates electromag­
netic energy. As the temperature of an object increases, the wave length of 
emitted energy decreases. The average temperature of the sun is 6000° K and 
the peak wave length of emitted energy is about .5 microns (as expressed by 
Planck's Low), the visible light area of the spectrum. The average temperature 
of the earth, about 300° K, causes the peak wave length of emitted radiation to 
be at about 9.6 microns which is in the range of infrared radiation (Reifsnyder 
and Lull, 1964). Thus it is advantageous to use an instrument which is sensitive 
to radiation in the 8 to 14 micron range to differentiate the physical character 
of terrain features. The infrared line scanner is sensitive to radiation in this 
range. Cantrell (1965) and others have reasoned that emitted energy is more 
characteristic of soil moisture and geologic features than reflected radiation and, 
therefore, an infrared line scanner may best detect terrain features.
All objects, animate or inanimate, occurring in nature at tempera­
tures above absolute zero will exchange infrared radiation with their surroundings. 
If a body or object absorbs all radiation incident upon it, it is known as a black 
body. A block body will emit the maximum energy that can be emitted at the 
temperature of that body. "The surface of the earth, particularly soil, can be 
considered as a good approximation to a block body radiator" (Gates, 1962).
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Even though the surface of the earth approaches the characteristics of a black 
body, nothing in nature is a perfect black body. The emissivity of any natural 
body is always less than 1, the emissivity coefficient of a black body. For 
example, wet sand, which approaches a black body, has a long wave emmissivity 
coefficient of,95 + (Reifsnyder and Lull, 1965). A body, object, or surface 
radiates energy at a rate which is proportional to the fourth power of the absolute 
temperature (Stefan-Boltzmann Law). The law applies to perfect black bodies 
which, as mentioned, do not exist in nature. The law for natural materials is 
slightly modified to describe the intensity or rate of emission of radiation from a 
natural object. The modified Stefan-Boltzmann Law for natural materials 
becomes:
W = e q t "̂
Where:
W = the rate at which radiation is emitted per unit of
time per unit surface area of a body expressed in 
langleys per minute (ly ./m in .)
E = the emissivity coefficient of the material
“ Q = The Stefan-Boltzmann constant
(8 .1 3 2 x 1 0  ly . °K ."^m in .
T = the absolute temperature (°K = °C + 273°)
of the body (Reifsnyder and Lull, 1965)
A more detailed description of radiation and its physical laws are given 
by Reifsnyder and Lull (1965), Gates (1962), Colwell (1963), and others.
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II .  LITERATURE REVIEW
Recently there has been an effort to gain a better understanding of on- 
the-ground radiation-tempe rature relationships and the possible applications of 
infrared imagery which records emitted radiation-temperatures. The more sig­
nificant work, to date, is summarized in this section.
Van Lopik and Yarbrough (1966) found that interpreting surface soil 
moisture using conventional aerial photography (photographs which record visible 
electromagnetic wave lengths) is ambiguous. Supplementing conventional aerial 
photography with imagery depicting reflected or emitted radiation in other por­
tions of the electromagnetic spectrum may reduce this ambiguity. The same tone 
on infrared imagery and conventional photography is indicative of two different 
properties (the temperature and light reflected), therefore, more information 
concerning the feature is provided.
Differences in radiation-temperatures of soils can result from variations 
in thermodynamic temperatures ancj/or emissivity differences. Although infrared 
imagery shows many patterns and tones not discernible on a conventional aerial 
photograph, ground information concerning emissivity and temperature influenc­
ing factors, such as vegetative type, must be known to determine properties of 
interest. The lack of definitive earth surface emissivity data is a major problem 
in determining thermodynamic temperatures and the related soil properties from 
tonal patterns recorded on remote sensor imagery. Thermal properties of soils 
are related to soil moisture and exert much influence on micro-organisms and
higher plants. Present qualitative soil temperature data obtainable from remote 
sensor imagery can be of value in making drainage, vegetation, land use and 
related soil type determination (Van Lopik and Yarbrough, 1966).
Contre11 (1964) discusses the application of infrared imagery to geologic 
interpretation. He says that the proper conditions must be determined for collec­
ting the best imagery for the specific purposes for vfhich the imagery is to be 
used. For geological formations, it appears that the best time to take imagery 
is after sundown because the earth is at its highest relative terrain emissions at 
this time. He says that during the day vegetation seems to be the predominant 
infrared radiation emitter, but that certain geologic features may transfer their 
radiation patterns to the overhead vegetation at night. For example, at night 
a stream cools and the heat emitted tends to warm the overhanging vegetation 
and the air column within and beneath it . This he calls a "heat sink" which, 
in effect, superimposes the drainage pattern on the vegetation. Therefore, to 
determine the drainage pattern of an area, using infrared imagery, the best time 
to take imagery would be at night. Cantrell illustrates examples where infra­
red imagery was used to delineate marshy areas and drainage patterns of streams. 
He says that infrared imagery should be a prime supplement to conventional 
aerial photographs.
Simonett (1966) suggests that the most pressing need in remote sensing 
is not the immediate development of newer, more elaborate remote sensing 
devices, but to learn more about what we now have. We must learn how to
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interpret and evaluate the information contained in different parts of the electro­
magnetic spectrum using existing sensors.
Estes (1966) wrote of various applications of airborne infrared imagery 
and its potentials as a geographic research tool. He has a section on hydrology 
in which he gives an example of a stream which is hidden by vegetation as seen on 
conventional aerial photography but can be seen on infrared imagery. He says, 
"The ability of infrared imagery to detect the presence of water under a vegeta­
tion canopy could permit accurate mapping of hydrographic features and, in 
cases, other features not readily observable by conventional aerial surveying 
techniques." He also says that eventually through infrared studies of soil mois­
ture content, it may be possible to determine the exact amount of water needed 
for optimum plant growth. The full potential of infrared systems has not yet been 
realized. There is still much research to be done on the capabilities and limita­
tions of infrared sensing systems. Improvements in the methods of collecting 
ground truth, including the measurement of temperature and humidity, are 
needed.
Blythe and Kurath (1967) carried out research in California and Michigan 
on remote sensing using the infrared scanner. Their objective was to determine 
the application of infrared imagery to an analysis of vegetation. They found 
that heat emissions from leaves were best picked up in the 3.5 to 5 .5  micron 
range. The authors say, "By careful use of correlative data along with some 
knowledge of the physical processes involved, considerable information can be
n
abstracted from imagery made in a single wavelength band, even in the absence 
of data provided by the usual ground crew. The interpretation of broad band 
infrared data is a field full of potential value." The above authors found that 
to search for ground water near the surface or to check the supply of water to 
plants, it appears best to fly near midday on a calm sunny day when transpiration 
effects are at a maximum. Flying shortly after any recent rainfall should be 
avoided. The above inference agrees with the findings of Ward (1966).
Gates (1962) says that the air above and the ground below the surface 
are both warmer than the surface at or just after sunrise. This reverses itself 
around noon or early afternoon when the surface is warmed to its maximum and is 
warmer than the air above and the ground below the surTace. These conclusions 
help support the inferences made by Ward (1966),and Blythe, et a l . (1966).
Shul 'gin (1965) says that soil surfaces, by absorbing and reflecting heat, 
regulate the thermic energy and therefore,also the thermic regime of the soil. 
Fluctuations of the diurnal temperature in a moist soil are less than in a dry soil. 
Soil temperature has both diurnal and annual fluctuations. The maximum tem­
perature at the soil's surface is at approximately one p.m ., standard time, and 
the minimum is just before sunrise. The diurnal course of soil temperature can 
show considerable deviation, determined largely by conditions of cloudiness, 
precipitation, winck, etc. The maximum surface soil temperature on an annual 
basis will occur late in June in the Northern Hemisphere. The temperature 
regime of soils is not the some on slopes of different exposures. Shul 'gin also
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says that vegetation affects the soil by shadowing the surface, thereby preventing 
radiation from reaching the surface.
A study of changes in reflectance and emittance characteristics related 
to moisture stress in forest trees confirmed the hypothesis of an earlier study 
(Olson and Ward, 1968). The hypothesis was that, using infrared imagery, dif­
ferences between plant species are best detected in the daytime in upland areas, 
but at night in swampy areas. They also found that girdled trees showed up best 
on infrared imagery, in the 8 to 14 micron wavelength range, obtained in the mid­
afternoon. At night, using infrared imagery, detection of the girdled trees was 
unsuccessful.
The usefulness of infrared imagery, taken from manned earth-orbiting 
vehicles, is being studied for identifying and evaluating wild-land resources 
(Carneggie, e t a l . ,  1966). The researchers found that imagery taken before 
sunrise was best used to distinguish meadow vegetation from soil, water, or 
forested areas. Imagery taken close to noon was found to be more useful for 
detecting different plant communities within a meadow. Distinct plant communi­
ties may be differentiated, especially if  the vegetative cover of each differs 
enough to cause one community to be warmer than another.
The thermal behavior patterns of plants, soils, and other features of 40 
sites on a 50-acre agricultural area during overflights made by a plane taking 
infrared imagery was studied by Wiegand, et al . , (1966). A quantitative inter­
pretation of the resultant imagery was made to determine the temperature of the 
sites. The interpretation was accomplished by calibrating the optical density of
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film imagery against equivalent surface radiation-tempe rotures measured on the 
ground while the infrared scanner was passing overhead. A Stoll-Hardy radio­
meter was used to measure the surface radiation-temperature. The variables that 
were examined were crop species, plant cover, plant spacing, tillage, moisture 
conditions, solar radiation, leaf area index, highways, and a water reservoir. 
Irrigation was used to create different moisture conditions and thinning was used 
to create plant spacing. They found that the radiation-temperature of thinned 
grain sorghum at the mid-day overflight was a linear inverse function of the leaf 
area index. Both the leaf index and percent ground cover are closely related to 
radiation-temperature. Early in the morning (0606 hours) non-irrigated crops 
were found to be cooler than those irrigated, but early in the afternoon (1359 
hours) the irrigated crops were cooler than the non-irrigated portions. There 
was no definite temperature difference in tilled areas. This study attempts to 
show the magnitude of the influence of time of day, crop cover conditions, 
tillage, and irrigation on the thermal behavior of plants and soils on an agricul­
tural landscape in a sub-humid climatic zone. The authors also say there is a 
need for internal calibration of the infrared line scanner and knowledge of the 
insolation conditions associated with the imagery.
Colwell (1967) says that "the interpretability of remote sensing imagery 
can be greatly improved if  it is supplemented with a limited amount of field 
checking in representative portions of the area being studied." If ground 
measurements are made, extrapolations can usually be made with confidence 
to nearby areas for which only remote sensing imagery is available. He also
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says that remote sensing should not be used as a complete substitute for on-the- 
ground observations. To gain ecological information from an analysis of remote 
sensing imagery, the main theme of his article, one should consider the imagery 
as being complementary to, rather than competitive with, direct on-the-ground 
observation of ecological factors. In this article Colwell describes the similari­
ties and differences between an aerial photograph and infrared imagery taken of 
the same area. He found, after careful field checking, that the wetter a 
meadow is, the cooler it is in the daytime and that the cooler the meadow is, the 
darker it is on infrared imagery. The tonal differences on an aerial photograph 
are caused by objects that are exposed directly to aerial view, e .g . ,  the foliage 
of grassland vegetation. The tonal differences found on infrared imagery, how­
ever, reveal characteristics of features (such as the soil) that are beneath the 
objects that are exposed directly to aerial view. A properly trained person 
should be able to make a better interpretation of ecological conditions using both 
photographs and infrared imagery of an area than just one or the other.
Research, conducted at Purdue University, in the identification of crop 
species and conditions of health and maturity for crop types in the corn belt 
region, using multispectra I imagery, revealed a large number of vegetation vari­
ables which can cause marked tonal variations in portions of the electromagnetic 
spectrum. "The variables found to be of primary importance in causing marked 
tonal variations were: (1) crop species and variety, (2) relative size and 
maturity at the time of flight missions, (3) soil type, moisture content, and 
relative amounts of soil and vegetation observed, and (4) geomtric configuration
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of the crop, " (Hoffer, e t a l . ,  1966).
The zone of the earth's primary hydrologie activity is the top six inches 
of the soil. The conditions at the very surface of the soil govern the rate of 
infiltration or, conversely, the quantity of water running over the surface.
From outer space, it would be of great advantage to separate the moisture 
status of any area into three classes; dry, moist, and wet. These classifica­
tions would correspond to differences of about one inch of water in a six-inch 
soil layer. A knowledge of the water supply using this classification may be 
used in many ways, such as forecasting crops in large areas and also improving 
the accuracy of water supply predictions. The remote sensor systems that could 
be used for these classifications would probably have to depend upon selective 
polarization of microwave emission by contained water, or perhaps, on differ­
ences in the heat capacity and thermal diffusivity of wet and dry soils detected 
using an infrared sensor (Anon., 1966).
Ward (1966) conducted a study of some of the problems involved in 
interpreting moisture-related features from infrared imagery. His discussion is 
based on field radiation temperature measurements, using a radiometer, and a 
statistical analysis of the differences found in the measurements recorded. He 
discusses the time and conditions necessary to find the greatest differences in 
surface radiation-temperatures between different moisture sites. He found that 
"the greatest differences in surface temperatures, as correlated to soil moisture, 
occurred during peak insolation receipt periods." He also concluded that
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infrared imagery most likely to show the greatest tonal differences related to soil 
moisture differences should be taken under certain conditions. These conditions 
are that the imagery should be taken: at least two weeks after the last precipita­
tion; on a cloudless day with little or no wind on the ground; during low humidity 
and stable air mass conditions; between 1100 and 1300 hours. He also concluded 
that "from the literature and results of this study  ̂ there are indications that it is
feasible to map major soil moisture differences on near-level terrain using state-
\
of-the-art infrared heat mapping scanner system."
This literature review is a summary of the more significant work done to 
date on the aspects of interpretation of terrain features; specifically, surface soil 
moisture, using infrared imagery. There may be other classified sources of infor­
mation relating to surface temperature and surface soil moisture interpretation from 
infrared imagery which are unavailable. From the literature available, it seems 
that very little work has been done on surface radiation-temperature and its 
relationship to surface soil moisture.
This study stems from the research and conclusions drawn by Darold E. 
Ward (1966) at the University of Montana, School of Forestry, and forms a part of 
a study of hydrologie data acquisition through remote reconnaissance systems. This 
research is supported by the Office of Water Resources Research, United States 
Department of Interior (Gerlach, 19/57).
CHAPTER III 
RESEARCH METHODS 
I. STUDY AREA SELECTION AND DESCRIPTION
Selection of the Study Area
The primary objective of this study is to determine if there is a signifi­
cant and meaningful relationship between the apparent surface radiation-tempera­
ture (henceforth referred to as surface R-T) and surface soil moisture on the study 
area. To achieve this objective^ certain variables involved in the relationship, 
such as slope and soil type,must be kept uniform thereby making them minor vari­
ables. By controlling minor variables, the effects of the major variables,such as 
vegetation height, vegetation cover and litter cover, are more apparent.
The following criteria were used for selecting the study area. The 
study area location should:
1. Have topography as uniform as possible, a level area with minimum 
topography being preferred.
2 . Be as uniform as is possible in nature, in:
a . vegetative cover
b . soi Is
c . precipitation coverage
d. insolation and wind conditions during data collection periods.
3 . Be accessible to the researcher.
4 . If possible, have geologic map coverage and continuous weather 
data, past and present.
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5 . Contain features typical of other areas.
6 . Be large enough to maintain both a control area and areas to be 
treated.
The above criteria were developed from the results of research done by Ward 
(1966).
Various areas were examined as possible locations for the study. Access 
to equipment necessitated that the area be limited to the proximity of Missoula or 
the University of Montana's Experimental Forest. A preliminary study area was 
established on a field between South Avenue and Fort Missoula. This area was 
used to develop research methods and techniques employed in the study. Due to 
the desirability of maintaining the study area in an undisturbed condition, the 
area at Fort Missoula was eliminated. The final location of the study area was 
chosen because of its capability to fulfill most of the established criteria, its size, 
and its availability for use in research.
Location. The selected study area was located in a pasture. Section 6, 
T . 13 N . ,  R. 14W., on the Greenough Ranch, owned by M r. Land Lindbergh. 
Figure 1 is an aerial photograph of the study area. The corners of the study area 
ore marked by cloth targets. M r. Lindbergh granted permission to establish this 
semi-permanent plot on his ranch, which is located in the Blackfoot Valley about 
35 miles northeast of Missoula. The ranch borders on the northern boundary of 
Lubrecht Experimental Forest, University of Montana School of Forestry property. 
Locating the study area in the proximity of Lubrecht Forest enabled the researcher 
to have access to a geologic study and continubus weather data of the area.
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FIGURE
A VERTICAL AERIAL PHOTOGRAPH OF THE STUDY AREA 
(Note the targets marking corners o f the study area)
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The area, located on a gentle uniform slope, has a fairly uniform vege­
tative cover by species and composition, and is near a source of water. Soils, 
insolation receipt and wind conditions are approximately uniform on the area.
The vegetation and climate of the study area are similar to those of other western 
Montana range lands. The pasture in which the study area is located is large 
enough to establish an area of adequate size to conduct the study.
Study Area Size. The study area is rectangular in shape, measures 
720 feet by 360 feet and consists of approximately six acres. The size and shape 
of the study area v*as influenced by a number of factors, such as: size of the
available pasture, shading, time involved in data collection, and the criteria 
stated earlier.
The study area wqs divided into six rectangular one-acre plots measuring 
360 feet by 120 feet, as shown in Figure 2 . These plots were established for the 
irrigation treatment which is described in a forthcoming section. Plot number one 
is located on the south side of the study area, and plot six is on the north side as 
shown in Figure 2 .
Slope and Aspect. The study area has a generally north-facing slope 
ranging from two to five percent, as shown in Figure 3. This topography map was 
constructed using a Ziess Stereotop and is discussed in Appendix C .
Geology. The geology of Lubrecht Experimental Forest and the surroun­
ding area was described by Brenner (1968). He described the materials underlying
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the study area as being Tertiary basin deposits appearing to be horizontally- 
bedded and underlain by the Bonner Quartzite. The Tertiary basin deposits 
consist of "poorly consolidated mudstone, sandstone, and conglomerate." The 
geologic features of the area as interpreted and mapped by Brenner are shown in 
Figure 4 . A more detailed description of the geology of the study area follows.
The Tertiary materials underlying the study area are overlain by a thiçi 
mantle of material consisting of post-Pleistocine to recently deposited material. 
This layer varies in thickness from zero to ten feet. The mantle is composed of 
reworked Tertiary materials, volcanic clays, explosive volcanic debris, glacial 
outwosh and other erosional debris from bordering highlands (Konizeski, 1969). 
The lack of a well defined soil profile for the study area may be a result of its 
geologically recent deposition.
Soils. Twelve randomly selected pits were dug on the study area. All 
twelve pits had the some soil profile. A picture of a typical soil profile for the 
study area is shown in Figure 5 . An abbreviated soil profile description is listed 
in Table 1. The A^, Bgy and B2 2  horizons of the soil profile resemble soils of 
the Clark Fork gravelly loam series. This series includes gray wooded soils 
developed from old alluvium and outwash on benches and fans, usually along the 
larger streams. The Clark Fork series contains a high proportion of argillite and 
quartzite gravel throughout the profile and the substrata is largely loose sand and 
gravel. The interstices are filled with fine earth in the upper part of the solum. 
These soils are well drained, the subsoil permeability is rapid, and runoff is slow.
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FIGURE 3
TOPOGRAPHIC MAP OF THE STUDY AREA
N .E . Corner 
Height = 0 .0
(Contour Interval -  2 feet) 
Scale 1 inch = 148 feet
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GEOLOGIC MAP OF THE STUDY AREA AND VICINITY  
(from Brenner, 1968)
Scale 1 inch = 1320 feet
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FIGURE 5
A TYPICAL SOIL PROFILE O N THE STUDY AREA
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TABLE I 
SOIL PROFILE DESCRIPTION
The soil profile is, for the most port, a gravelly silt loam of recent deposition. 
It is a v/ell drained soil having low fertility and low water holding capacity.
0-2" Very dark brown (lOYR 2/2) moist gravelly sandy loam;
—weak, fine crumb structure; soft when dry, friable when moist; 
pH 6 .0 .
^21 2-8" Brown (lOYR 5 /3 ) moist gravelly sandy loam;
weak, fine blocky structure; soft when dry, friable when 
moist; pH 7 .0 .
^22 ®“22" Yellowish brown (lOYR 5/4) moist gravelly sandy loam;
weak, fine and medium blocky structure; 
soft when dry, friable when moist; pH 7 .0 .
IIC 2  22" + Gray (7.5YR 5/0) moist gravelly silty clay; massive;
hard when dry; slightly plastic and sticky when wet; 
few roots; 60% to 80% grave I and cobbles.
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Soils of the Clark Fork series usually have a low inherent fertility and a low 
water-holding capacity. This series usually supports range vegetation. A des­
cription of this soil; using the Seventh Approximation Method,is that it is a 
sandy skeletal, mixed, frigid family in Typic Ustorthents. A Typic Ustorthents 
soil is in the order Entisol, and is a recently formed soil typical of dry areas 
(Cardon, 1968). The IIC 2  horizon does not conform to the usual concept of the 
Clark Fork series. It is a hardpan clay mixed with cobbles. Very little differ­
ence in moisture regimes is apparent on the study area, the entire area being well- 
drained (Nimlos, 1968). There is an area of slow moving surface water present 
on the study area as shown in Figure 6 . This water was caused by recent leak­
age from a water pipe running under the western edge of the study area. The 
water from the leakage drained into the adjacent soil. Except for this small 
tract, the study area seemed to have the same moisture regime.
Vegetation. The study area is located on a pasture which is fairly 
uniform in soil type, slope, and available moisture. The area supports flora 
characteristic of dry areas (bunch-grass type) but shows the effects of heavy graz­
ing. Spotted Knapweed, Centaurea maculosa, has invaded the area and is the 
predominant species; it is the tallest and most abundant. Table II lists the floral 
composition of the study area by percent frequency of occurrence at sample points. 
The study area was separated from the rest of the pasture by a fence which was 
erected in the fall of 1967 to eliminate the effects of grazing by domestic animals.
28
t
FIGURE 6 
THE WET AREA
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TABLE II
SPECIES OF VEGETATION FOUND O N  THE STUDY AREA 
BY FREQUENCY OF OCCURRENCE
Percent* Scientific name Common name
Grasses and Grass-1like Plants
46 Poa pratensis Kentucky bluegrass
46 Bromus japonicus Japanese chess
33 Agropyron repens Quackgrass
33 Poa secunda Sandberg bluegrass
7 Phleum pretense Timothy
3 Hordeum jubatum Foxtail barley
3 Bromus commutatus Hairy chess
3 Juncus spp. Rush
1 Bromus tectorum Cheatgrass
Forbs
72 Centaurea maculosa Spotted knapweed
51 Achillea millefolium Yarrow
43 Madia glomerate Cluster tarweed
32 Collinsia paruiflora Blue-eyed mory
25 Polygonum douglasii Douglas knotweed
22 Thiaspi arvense Fanweed
19 Coliomia linearis Narrow-leaved coliomia
13 Lepidium spp. Pepperweed
4 Potentilla erguto Tall cinquifoil
4 Epilobium paniculatum . Panicled willow-herb
4 Ambrosia spp. Ragweed
3 Sisymbrium altissimum Tumble mustard
3 Grindelia squanosa Gjricup gumweed
3 Toraxicum spp. Dandelion
1 Mentha spp. Mint
Others
7 Lichens
*The percent frequency of occurrence was based on the number of sample 
points on which the plant was found and its proportion of the total number of 
sample points.
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I l . MEASUREMENT OF PRIMARY VARIABLES
Sampling Design
Seventy-two sample points were established in a systematic manner to 
measure the primary variables. When statistically analyzing data, a systematic 
sample of the data, according to Nash (1965), is more often a measure of maximum 
standard error of the mean than that measured by random sampling methods. Nash 
therefore claims that data collected using systematic sampling will yield conser­
vative results in determining differences between groups using a statistical analysis.
The first sample point was located thirty feet from the edge of the study 
area. All other sample points were sixty feet from each other and thirty feet 
from the edge of the study area, as shown in Figure 7 .
A systematic method of sampling and 72 sampling points were established 
for the following reasons:
1. To enable easy and rapid data collection.
i 2 , Word (1966) infers that 12 sample points per site is an adequate 
sample to detect differences in surface R-T due to surface soil 
moisture differences. (As was mentioned previously, R-T will be 
used henceforth as an abbreviation for radiation-temperature.)
3 . Each point is sampled at such a time that the mean time of data 
collection for each plot is, for all practical purposes, the same.
4 , The number and location of sample points facilitate the method and 
application of treatment.
Data was collected using a systematized pattern of movement from point
31
to point as shown in Figure 8. The data was recorded on a form as shown in 
Figure 9 .
Selection of Time of Observation
Ward (1966) found that the best surface R-T data collection days were 
those having clear sky conditions, low humidity, low wind velocity, and moisture 
conditions not being the result of recent precipitation. The best time of the 
year to observe days as described above, in western Montana, is in the early 
summer. At this time of the year there is usually very little rain to affect sur­
face soil moisture. During June and July the Northern Hemisphere has its greatest 
solar insolation receipt of the year.
Weather forecasts were followed very closely to determine which days 
would be suitable for data collection. Due to the weather conditions which pre­
vailed during the summer of 1968, data collection did not begin until mid-July 
and lasted until mid-September. The summer of 1968 was unusually wet; there 
were few days with clear skies and surface soil moisture on the study area was 
greater than had been expected. A summary of weather conditions during the 
duration of the study can be found in Appendix D.
Six collection tours were undertaken during the three months of possible 
collection. A tour extended from a part of one day to a maximum of two days; 
weather conditions were the limiting factor for the shorter time, money and the
i
pîïÿ^Tcal well-being of the researchers established the limit on the maximum time.
In total, data was collected for eight days. T wo tours were made before an irri­
gation treatment and four after.
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Radiometric Observations
Point
No.
Ambient
Temp
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FIGURE 9
TYPE OF FORM USED TO RECORD DATA
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Each tour consisted of from six to fifteen collection periods, depending 
on the length of the tour. A collection period was the period of time when sur­
face R-T measurements were taken for each sample point, approximately one hour. 
Measurements were taken at each sample point approximately every two hours 
between 0600 and 2200 and twice between 2200 and 0600.
Surface Radiation-Temperature
The Stoll-Hardy HL-4 Radiometer (Figure 10) was used to collect field 
surface R-T data. Ward (l966) found that the HL-4 Radiometer is quite adequate 
for measuring surface R-T in a study of this type. The instrument consists of a 
temperature sensing head, a reference ambient temperature body, an amplifier, 
meter, range selector circuit and a power supply. Most of the components are 
housed in a wooden box ar>d, for rapid surface R-T measurements under field con­
ditions, mounted in a canvas container with shoulder straps.
In 1968, P. L. Gerlach designed a reference ambient temperature body 
similar to those used at the University of Michigan's Willow Run Laboratory. The 
reference ambient temperature body is made of aluminum and houses the radio­
meter sensing head. The unit has a triggered shutter, a pistol grip type handle 
and a built-in thenjiometer as shown in Figure 11. This "gun" type modification 
greatly improved the instrument for in-the-field measurements and was used 
throughout the study.
To measure the R-T of a surface, the radiometer is first adjusted to 
zero. The "gun" is then directed toward the surface, or target, and the trigger
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FIGURE 10
STOLL-HARDY HL-4 RADIOMETER
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FIGURE 11 
REFERENCE AMBIENT TEMPERATURE GUN
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FIGURE 10
STOLL-HARDY HL-4 RADIOMETER
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FIGURE 12 
COLLECTING DATA AT A SAMPLE POINT
40
5 . Proceed to the next sample point and repeat the last four 
steps.
B. Data recorder
1. Stand on north side of stake, away from the instrument mdn,
2 . In proper space on data recording form, Figure 9, record 
time, ambient temperature, radiometer reading, and any 
remarks to be made,
3. Move to north side of stake, vacated by instrument man, 
take and record a light level reading for the sample point.
4 . Proceed to the next sample point and repeat the last three 
steps.
The stakes were located on the north side of the sample point to reduce 
the possibility of shadowing the sample point by either the stakes or the data 
collectors.
Soil Moisture
Soil moisture measurements used in this study were obtained using the
1
gravimetric method. Soil moisture measurements are expressed as percents on 
the oven-dried weight basis.
To determine soil moisture by this method, a soil sample is obtained in 
the field and brought to the laboratory. There it is weighed wet, oven-dried, 
and weighed again. The soil is then discarded and the empty container weighed. 
By dividing the weight of the water lost by the dry sample weight and multiplying 
by 100, the percent soil moisture was found.
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Bouyoucos soil moisture blocks were tested on the study area to deter­
mine whether they might be used with better results than the gravimetric method. 
Twelve were installed, two in each plot. These moisture blocks were measured 
at the same time soil samples were taken and compared with the soil sample 
measurements. Much difficulty was encountered when trying to correlate data 
acquired by the two different methods. A few reasons for the lack of agreement 
are: (1) the soil moisture blocks are influenced by a very local soil cpndition,
(2) there is a considerable lag in the moisture content of the blocks as compared 
with the moisture present in the surrounding soil, (3) the blocks measure the 
soil water that is available for plant growth and, in some cases, there was no 
available moisture, hence, no reading.
It was also found that rodents gnawed at the wire leads of the soil mois­
ture blocks, causing poor connections and/or pulling blocks out of the ground.
A comparison of soil moisture readings using both methods is found in Table XXVI 
of the appendix.
Soil samples were collected at each sample point to determine the soil 
moisture content. These samples were collected between 1200 and 1400 hours of 
the first day of a data collection tour. The samples were taken from the top 
two inches of the soil surface outside the area of a sample point. Care was taken 
to be sure the sample was as similar as possible to the soil within the sample point 
area. Care was also exercised to avoid including roots, pebbles, and other 
extraneous materials that would cause erroneous soil moisture measurements. Soil 
samples were taken as close to the soil surface as possible because the moisture
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here is thought to have the greatest effect on the surface R-T. Also, as men­
tioned in the literature review, the top six inches of the soil is the zone of the 
earth's primary hydrologie activity (Anon., 1966). The greatest mass of roots 
on the study area are located within six inches of the soil surface. Therefore 
the vegetation found on the study area is very dependent on the moisture near 
the surface for transpiration.
II I. SELECTION AND MEASUREMENT OF DESCRIPTIVE VARIABLES
Selection of Descriptive Variables
The descriptive variables measured were selected for measurement 
because they have an effect on the radiation reflected and/or emitted by the 
surface on and near the ground. A review of literature pertaining to the climate 
and energy exchange near the earth's surface was used as a background for selec­
tion of the variables measured. Geiger (1965), Gates (1962), Reifsnyder, 
et a l. (1965), and Shul'gin (1965) all describe the temperature environment at 
and near the earth's surface. The research done by Ward (1966) was the main 
source and example used in selecting the descriptive variables.
Measurement of the Descriptive Variables
Records of air temperature, relative humidity, total insolation radia­
tion, and precipitation were accumulated for the study area during the summer of 
1968. A weather shelter located at the center of the study area. Figure 13, 
housed o hygrothermograph from which the air temperature, in degrees centigrade.
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FIGURE 13 
STUDY AREA WEATHER SHELTER
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and relative humidity, in percent, were determined for each time data was col­
lected. Two recording rain gauges, as shown in Figure 14, were established on 
the study area, one at the upper end and one at the lower end. A Beckman and 
Whitley insolation radiometer was set on a platform in the center of the study 
area near the weather shelter as shown in Figure 15. Measurement of incoming 
solar insolation was taken each day data was collected.
Wind velocity and cloud cover were measured before and after each 
data collection period. Changes in these variables were also recorded when 
they occurred. Cloud cover measurements were an estimation of that part of 
the sky over the study area that contained clouds.
Light readings were taken to be used mainly as an indirect measure of 
shading with a Spotron light meter. A shaded sample point had a lower light 
reading than a sample point that was not shaded. Light readings were taken at 
each sample point for each data collection period during the daylight hours.
An attempt was made to determine vegetation type and height using 
aerial photographs of the study area (see Appendix C). The scale of the photo­
graphy was too small to develop a vegetation type and height map of the desired 
accuracy; therefore vegetation type and height were determined by on-the-ground 
observation. Each sample point was classed by the vegetation present at the 
sample point as being of a grass, brush, grass and brush, or brush and grass type. 
The height of the vegetation at each sample point was classed as being short
(less than six inches), medium (six inches to twenty-four inches), or tall 
(greater than twenty-four inches).
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FIGURE 14 
RAIN GAUGE
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FIGURE 15
BECKMAN AN D  WHITLEY INSOLATION RADIOMETER
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Each sample point was actually a circle having approximately an 
eighteen-inch diameter at the soil surface. The radiometer measures the average 
infrared radiation emitted from the integration of ground surfaces and the surfaces 
of the aerial portions of plants within the cone of the twenty-degree acceptance 
angle of the radiometer sensing head. Vegetation cover, bare ground, visible 
pebbles, litter cover, and density of vegetation are all factors that affect the 
surface R-T measured by the radiometer. These factors were used to describe 
the makeup of the surface area of each sample point. The percentage of surface 
area of each factor was estimated by ocular methods. Density in this study 
refers to the ratio of the basal area of vegetation stems to the area of an eighteen- 
inch circle and is not an estimate of exposed surface area.
The slope and aspect of each sample point was determined using a topo­
graphic map of the area developed by the use of aerial photographs, as shown in 
Figure 3, page 23.
IV . IRRIGATION TREATMENT
  The study area was originally chosen for its uniformity of flora, soils
ond physiology. On this fairly uniform area, it was desired to create differences 
in soil moisture to study the relationship between soil moisture and surface radia- 
tion-temperatures. Irrigation treatments were applied to the study area to create 
the desired differences.
As mentioned previously, the study area was divided into six plots.
Four of these plots were irrigated with varying amounts of water and two were not
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irrigated. One of the two non-irrigoted plots was used as a control while the 
other was used to separate the control from the plots being irrigated.
Two data collection tours were conducted before irrigation. The first 
tour was terminated prematurely due to poor weather conditions. Data was col- 
' lected before treatment application to enable: (1) a comparison of data taken 
before and after treatment, and (2) to determine which known factors were the 
major ones affecting the surface R-T-surface soil moisture relationship.
Water was applied to the plots using a surface sprinkler irrigation sys­
tem, as shown in Figures 16 and 17, during July, August, and September of 1968. 
The main line pipes were three inches in diameter and the lateral pipes, two 
inches. There was a total of nine sprinkler heads used to cover a plot. The sys­
tem covered a ninety-foot by three-hundred-sixty foot area with a fairly uniform 
coverage of water. Between each plot there was a sixty-foot buffer zone to 
reduce the effects of lateral water movement, both above and below the ground. 
Irrigation was applied at night to reduce the amount of water lost by evaporation.
A cement water cistern, as shown in Figure 18, was used to store the
water for irrigation. The cistern was fed continuously by on artesian well and 
periodially, when flowing, by a stream. The cistern held approximately twenty- 
two thousand gallons and took about three and one-half days to f i l l .
Due to the time required to fill the cistern, it was decided to irrigate 
every four days unless precipitation fe ll, which occurred quite often during the 
latter part of the study. A summary of weather conditions during the duration of 
the study is presented in Appendix D. After a rainfall, soil samples were
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FIGURE 16
IRRIGATION PUMP A N D  PIPE USED FOR TREATMENl
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FIGURE 17 
SPRINKLER SYSTEM DURING IRRIGATION
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FIGURE 18
CISTERN USED TO STORE WATER FOR IRRIGATION
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collected, soil moisture contents calculated and studied to determine when to 
irrigate. The dates and amount of water applied to each plot are shown in 
Table V II .
Each plot was irrigated for a predetermined length of time: plot three 
for one-half an hour; plot four for one hour; plot five for two hours; and plot 
six for five hours. When a plot was irrigated for the specific length of time, 
the system was shut off and moved to the next plot and irrigation was started again. 
The total time involved to apply water to the four treated plots was about eleven 
hours. Data collection, when taken after irrigation, was started immediately 
after irrigation was finished.
Due to the amount and frequency of rainfall, poor weather conditions 
for evaporation, and the low moisture-holding capacity of the soil on the study 
area, large differences in soil moisture were never developed. Even though the 
large differences desired were never developed, those which were developed 
proved to be adequate. Four data collection tours were run before soil moisture 
differences and weather conditions were such that data representing the true 
surfâ ce R-T-surface soil moisture relationship was ocquirpd.
CHAPTER IV  
DATA ANALYSIS
I. SELECTION OF THE MOST FAVORABLE ANALYSIS PERIODS
/
Use of the Computer
An IBM 1620 computer was used in all phases of the analysis of data 
collected. Each surface R-T measurement taken at the sample points was punched 
on an IBM card. Each card also contained the primary and descriptive variables 
associated with the reading. A listing of the information punched on each IBM 
card can be found in Table I I I .  There was a total of six thousand one hundred 
ninety-two observations taken and therefore on equal number of IBM cards 
punched.
An IBM card sorter was used to sort the cards into the desired order 
ancj/or classes. The IBM 1620 computer was programmed to determine the mean 
surface R-T for each plot and the mean time of data collection for that plot.
The resulting data output was used to construct graphs of mean surface R-T 
plotted over mean time of collection by plots for each data collection tour.
The computer was also used to run various analysis of variance tests on the data,
to fit desired data to a regression equation, and to determine correlation coeffi-
f
cients between the surface R-T and surface soil moisture for selected collection 
periods.
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TABLE III
AN  OUTLINE OF DATA RECORDED ON EACH IBM CARD
Tour Number
Collection Period 
Plot Number 
Sample Point
Ambient Temperature. 
Radiometer Reading 
Correction Value 
Radiation-Tempe rature 
Time
Light Reading
Soil Moisture Content
Total Radiation Measurement
Air Temperature
Relative Humidity
Wind Velocity
Vegetation Type
Vegetation Height
Vegetation Cover
Percent Bare Ground
Percent Pebbles
Slope
Aspect
Cloud Cover
Litter Percent
Density Percent
Percent Grass
Percent Weeds
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Computation of Means and R-T Graphs
The IBM 1620 computer was used to determine the mean surface R-T and 
mean time of collection of data for each plot. A graph of the mean surface R-T 
for each plot over the length of time of the collection tour was constructed using 
the calculated means. The resulting graphs are shown in Figures 19 to 28 between 
pages 77 and 91.
By visual and statistical analysis of these graphs the tours and collection 
periods of these tours which seemed best suited for further study were determined. 
The graphs were also examined to determine what effects the descriptive variables 
had on their configuration.
The Most Favorable Analysis Periods
After examining the graphs, the second and sixth tours were chosen for 
further analysis. The second tour was chosen to represent surface R-T conditions 
prior to treatment. Tour six was chosen to represent post-treatment conditions.
Before Treatment Data. The second tour was chosen to represent 
surface R-T and surface soil moisture data before treatment application because 
data were collected over a twenty-four hour period. The first tour was rejected 
because only a fifteen-hour period was covered and the weather was less stable 
than on the second tour.
The maximum surface R-T values recorded on the second tour were 
during the fifth collection period. The surface R-T data collected during this
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collection period will be used in oil future analysis of surface R-T measurements 
before treatment application. Henceforth this data will be referred to as data 
from “205", referring to data from the fifth collection period of the second tour.
The mean time of data collection for 205 was approximately 2:25 PM ^ D T ),
(12:49 Local Apparent Time).
After Treatment Data. The sixth collection tour was chosen to represent 
surface R-T conditions after treatment for two reasons. First, the greatest range 
of soil moisture conditions was observed on this tour as shown in Table IV . Second, 
the surface R-T means plotted over time for this tour seem to represent the varia­
tions in surface soil moisture.
The thirteenth collection period of the sixth tour seemed to best represent 
the surface R-T differences between plots after treatment as shown in Figures 27 
and 28. The data collected during this period represented the maximum surface 
R-T observed on the second day of the tour. The greatest range of surface R-T 
means between plots was observed during this collection period. The thirteenth 
collection period of the sixth collection tour will henceforth be referred to as 
"613". The mean time of data collection for 613 was approximately 2:30 PM 
(MDT), (12:54 LAT). The mean time of data collection for 205 and 613 were 
approximately the same.
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TABLE IV
AVERAGE SURFACE SOIL MOISTURE OF EACH PLOT 
ON THE SIX COLLECTION TOURS
Tour P lo t N u m b er
number 1 2 3 4 . 5 6
1 3.00 2.91 6.00
3.75
3.25 2.91 2.33
2 3.33 3.16 7.25
4.36
3.41 2.75 2.83
3 3.08 2.91 6.58
3.73
15.25 15.33 21.25
4 19.33 20.41 24.75
23.36
23.25 24.83 25.41
5 22.91 25.08 28.91
27.27
24.00 27.75 31.91
6 12.16 12.75 24.00
22.00
24.66 26.33 34.75
NOTE: The lower number in the plot three column is an average
which excludes sample point ^115 which is located on the edge of an open 
water area and was not representative of the average soil moisture of the plot,
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I I .  ANALYTICAL METHODS
The statistical procedures applied to the data collected will be discussed 
as they were used to obtain information pertaining to each of the objectives of 
this study. The results are given and discussed in the next chapter.
The Surface R-T-Surface Soil Moisture Relationship
An analysis of variance test was applied to the plot means of both sur­
face R-T and surface soil moisture on 205 and 613 to determine if significant dif­
ferences existed between plots. If the calculated "F" value indicated significant 
differences, Duncan's multiple range test was used to develop different categories 
of the means in question.
A linear correlation-regression analysis was used to determine the 
extent of the relationship between surface R-T and surface soil moisture by indi­
vidual measurements and by plot means.
The Major Factors Affecting the Surface R-T-Surface Soil Moisture Relationship 
Data collected before irrigation was analyzed to determine which of 
the factors measured were the major factors affecting the surface R-T-surface soil 
moisture relationship. Data from 205 was sorted by the different factors and then 
the factors sorted by classes using an IBM card sorter. The classes developed were 
determined by plotting values of the factors being examined by their frequency of 
occurrence. The graphs were examined for natural groupings, or breaks, and 
from these, classes were established.
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The surface R-T data, collected over a period of time, were adjusted to 
the same point in time. This was done because the average times of collection for 
the data by classes of factors measured were not the same for all classes. A 
detailed description of the methods and procedures used in adjusting surface R-T 
readings to the same point in time can be found in Appendix B.
An analysis of variance test was applied to the surface R-T data grouped 
by the measured factors, or variables. This test was used to see if there,were any 
significant differences between surface R-T means of the established classes of that 
factor being analyzed.
The Classification and Mapping of Surface Soil Moisture Using Surface R-T Data
An attempt was made to map and classify surface soil moisture by sur­
face R-T data collected on 613. This attempt was undertaken to see if surface 
soil moisture could be mapped by surface R-T and also to determine if data collec­
ted on the ground could be related to what infrared imagery of the study area 
would look like had it been taken after treatment application; more specifically, 
had imagery been flown on 613.
Several methods were tried in attempting to map the study area. Only 
two methods seemed to show some relationship between surface R-T and surface 
soil moisture and neither one was of a statistical nature. For the first method, 
the surface R-T collected on 613 was sorted on an IBM card sorter which put the 
cards in order from the lowest to the highest surface R-T values. A graph of fre­
quency of occurrence over surface R-T was developed and used to establish classes
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of surface R-T of which five were found. These classes were transferred to a 
graphic analysis form. The same methods and procedures were used to develop a 
type map of surface soil moisture data. The same number of classes were found 
for both measurements and there were about the same number of readings in the 
corresponding classes for surface soil moisture and surface R-T. The maps were 
studied to see how many sample points fell in the same classes whether typed by 
moisture or surface R-T.
The second method applied involved the transferring of surface R-T 
data listed in order from the lowest to the highest reading to a graphic analysis 
form. This was done knowing that irrigation had been applied and covered two 
rows of sample points. When a total of eight sample points in any two adjoining 
columns of the graphic analysis form was filled with a value, those two columns 
were said to be in the same plot or treatment. This transferring of values and 
classification of columns was done until all columns were classed.
CHAPTER V 
RESULTS AND DISCUSSION
The results obtained from the analysis of data collected will be presen­
ted in this chapter. The results are discussed in relation to the objectives set 
forth in the first chapter.
I. THE RELATIONSHIP BETWEEN SURFACE RADIATION-TEMPERATURE 
AND SURFACE SOIL MOISTURE ON THE STUDY AREA
The results of the analysis of variance test applied to the mean surface 
R-T and mean surface soil moisture data for both 205 and 613 are shown in Table V . 
Significant differences between plot means of surface R-T or surface soil moisture 
on 205 did not exist. The "F" values calculated for 613 using the same test as 
applied to 205 indicate highly significant differences between plot means for both 
surface R-T and surface soil moisture. '
Three significantly different categories of surface soil moisture were 
developed by applying Duncan's multiple range test to the mean surface soil mois­
ture values of the six plots on 613 as shown in Table V I. These categories were 
described as dry, moderately wet, and wet. With reference to Table V I, plots 
one and two make up the dry category; plots three, four and five make up the moder­
ately wet ' category; and plot six is the wet category.
Using the some methods as were used in developing surface soil moisture 
categories, three weak categories of surface R-T were developed. These categories
TABLE V
MASTER TABLE OF THE ANALYSIS OF VARIANCE APPLIED 
: TO SURFACE R-T AND SURFACE SOIL MOISTURE
/
Time of 
collection
Means being 
tested
Source of 
variation
D .F. Sum of 
squares
Mean
square
Sample
F
Table
F
Sig.
205 Surface Total 71 1883.79
R-T plot means 5 137.88 27.58 1.04 2.36 N o
error 66 1745.91 26.45
205 Soil Total 71 1341.88
moisture plot means 5 176.46 35.29 2.00 2.36 N o
error 66 1165.42 17.66
613 Surface Total 71 1833.67
R-T plot means 5 868.21 173.64 11.87 3.31 * *
error 66 965.46 14.63
613 Soil Total 71 7789.78
moisture plot means 5 4482.28 896.45 17.89 3.31 * *
error 66 3307.50 50.11
* *  Significant at the 99% level of confidence.
The non-significant F values are at the 95% level of confidence.
O'NJ
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TABLE VI
GROUPING OF SIGNIFICANTLY DIFFERENT PLOT 
MEANS INTO CATEGORIES
Plot number 1 2 3 4 5 6
Surface R-T 
means 41.57* 41.38 40.40 38.05 35.19 32.06
Surface soil
moisture
means 12.16 12.75 24.00 24.66 26.33 34.75
Soil
moisture
categories 1 2 3
CORRECTED MEANS**
Surface R-T 
Means * * 41.57 41.38 41.51 38.05 35.19 32.06
Surface soil 
moisture 
means * * 12.16 12.75 22.00 24.66 26.33 34.75
Soil
moisture
categories 1 2 3
*  At the 95% level of confidence any two or more means not underlined 
by the same line are different.
* *  The corrected portion of this table contains the same R-T means as above 
except sample point 115 is not used in calculating the mean of plot three.
NOTE: Duncan's Multiple Range Test was used to determine the signifi­
cance of differences between means. The example given here uses the actual 
significant differences needed to determine if means were different.
TABLE VI (continued)
Value of P 2 3 4 5 6
SSR 2.83 2.98 3.08 3.14 3.20
LSR 3.11 3.28 3.39 3.45 3.52
P .s The number of ranked means involved in the comparison
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SSR = The significant studentized ranges at the 5% level 
LSR «S The least significant ranges that can occur between different 
means.
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shall be called hot, warm, and cool, and are described as being weak because, 
using Duncan's multiple range test, the mean surface R-T of plot number three is 
associated with both the hot and warm categories as shown in Table V I.
The individual sample points that determine the mean surface R-T of plot 
three include a sample point located in the wet part of the study area, shown in 
Figure 6. This sample point consistently had a much lower surface R-T than any 
other sample point during the period of maximum readings. This sample point 
does not represent average conditions on the plot and was therefore eliminated in 
determining the mean surface R-T for plot three. The resultant difference in 
grouping by categories using the corrected means is shown in the corrected portion 
of Table V I. The mean surface R-T for plot three with this sample point is 
40.40°C . and without it, 41.51°C . The significantly different means then 
formed three distinct categories. Plots one, two, and three form the hot category; 
plots four and five, the warm category; and plot six makes up the cool category.
In the corrected portion of Table V I the mean surface R-T for the plots 
Is grouped very much like the mean surface soil moisture groupings. The only 
exception to having the same number of plots in each category of both groups is 
plot three. Plot three fell in the hot category by surface R-T and in the moder­
ately wet category by surface soil moisture.
The temperature of a soil depends, in part, on that soil's thermal conduc­
tivity, its ability to transfer heat from the warmer to the cooler zones. A soil's 
thermal conductivity depends on its physical properties, such as content of soil
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partie I es y air porosity and soil moisture. Water is a better conductor of heat than 
airy therefore y a moist soil has a greater thermal conductivity than a dry soil. 
Because the heat capacity of water is twice that of soil y the volumetric heat 
capacity of a soil increases with an increase in soil moisture and as the volumetric 
heat capacity of o soil increases, the temperature at that soil's surface decreases 
(Shul'gin, 1965).
Plot three received the least amount of irrigation in comparison to the 
other irrigated plots, as shown in Table V II .  A large share of the water applied 
to this plot evaporated before it was able to penetrate the upper two or three inches 
of the soil. Plot three also lost a great deal of moisture from the soil surface 
between the first and second days of soil moisture sampling. A comparison of soil 
moisture measurements between different periods of a collection tour and between 
collection tours can be found in Table XXV of the appendix. The loss of soil mois­
ture due to evaporation between the first and second day of the sixth collection tour 
decreased the volume of water present on plot three. Though plots three and four 
had about the same amount of moisture present at the soil's surface, plot three had 
a lower volumetric heat capacity. The inability of plot three to fall in the same 
group by surface R-T as by surface soil moisture is due to its having a lower volu­
metric heat capacity.
There is a strong inverse relationship between surface R-T and surface soil 
moisture. As surface soil moisture increases, surface R-T decreases. Surface R-T 
is a function of surface soil moisture. The linear correlation-regression analysis
67
TABLE VIi
AMOUNT AND ORDER OF IRRIGATION APPLIED TO THE 
STUDY AREA BY PLOTS IN INCHES OF WATER
Date
3
Plo t  N urn 
4
be r
5 6
7/30-31 0.00 0.23^ 0.31^ 0.56^
8 /8 -9
4
0.09 0 . 1 4 3 0.31^ 0.56^
8/12-13 0.09^ 0.19^ 0.37^
4
0.75
8/26-27 0.09^ 0.19^ 0.81^
4
0.48
8/29-30 0.06^ 0.14^ 0.31^ 0.75^
9/3 -4 0.09^ 0.19^ 0.37^ 1.12^
9/7 -8 0.09^ 0.14^ 0.37^ 0 . 9 3 ’
9/12-13 0.09^ 0.19^
3
0.37
4
0.93
9/17-18 0.00 0.16^
2
0.37 0.75^
10/3-4 0.09^ 0.19^ 0.37^
4
1.04
10/9-10
4
0.09 0.19^ 0.37^
4
1.01
10/16 0.09^ 0.19^ 0.37^
4
0.93
NOTE; 
order of irrigation
The wholi 
, the one
e numbers to the right of the decimal numbers are th 
meaning that plot was irrigated first and the four
meaning it was irrigated last.
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used to determine the extent of the relationship on the study area by plots on 
613 produced the following equation;
Estimated Mean Surface R-T = 53.64 -  .56(x).
Where x = the mean of twelve surface soil moisture 
measurements taken from a plot.
The coefficient of correlation is -  .89. The coefficient of regression 
was found to be significant beyond the 99% level and the coefficient of correla­
tion at the 98% but not the 99% level (Steel andTorrie, 1960). A graphical 
representation of the mean surface R-T-mean surface soil moisture regression 
equation can be found in Figure 33 of the appendix.
Surface soil moisture and the depth of penetration by water in the soil 
has a strong influence on the surface R-T of the soil. The surface R-T seems to 
give a better indication of soil moisture on the plots than do soil moisture samples. 
Soil moisture samples may be erroneous due to extraneous materials present and/ 
or soil moisture variations within the soil mass. A surface R-T measurement is 
on average measurement for an area. The surface measured is affected largely 
by the surface soil moisture and the depth to which the water percolates. The
above factors increase the volumetric heat capacity of the soil and also the cool­
ing effect of évapotranspiration.
Each of the surface R-T means discussed above was made up of twelve 
individual readings per plot. There was a large range of surface R-T measure­
ments recorded on each plot during 613. The variability of R-T readings at
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individual points helped to disguise the surface R-T-surface soil moisture relation­
ship. This becomes apparent when the results of the linear correlation-regression 
analysis of individual points is compared with the correlation -regression anal ysis 
by plots. The resulting regression equation for individual points is;
Estimated surface R-T = 47.79 -  ,35(x).
Where x = the surface soil moisture at the sample point.
The coefficient of correlation for the relationship between individual 
points is -  .53. The coefficient of regression and correlation were both found 
to be significant beyond the 99% level. A graphical representation of the above 
regression equation and deviation of individual sample points is found in Figure 
34 of the appendix.
By comparing the coefficient of correlation found for the relationship 
between mean measurements, -  .89, and that found for individual measurements, 
-  .53, it can be seen that the strength of the relationship was reduced when 
using individual measurements. The greater deviation of individual sample points, 
os compared to plot means, from the regression line reduced the correlation.
There are a number of factors involved with the deviation of the measured surface 
R-T at sample points from the mean surface R-T calculated for each plot; some of 
these factors will be discussed in the following section.
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II. MAJOR FACTORS AFFECTING THE SURFACE 
RADIATION-TEMPERATURE-SURFACE SOIL 
MOISTURE RELATIONSHIP
The surface R-T-surface soil moisture relationship is affected by on -the- 
ground and atmospheric factors.
On-the-Ground Factors
Although the study area as a whole has been described as being fairly 
uniform, due to the variability in nature, different measurements of the same 
factor were recorded at different sample points. As discussed previously, an 
analysis of variance test was applied to the surface R-T data grouped by the 
measured variables. Table V III shows the calculated "F" value, the table "F" 
value, and the significance of differences between means for groups of each 
variable.
As can be seen by examination of Table V III, the major factors affec­
ting the surface R-T-surface soil moisture relationship are: (1) the height of 
vegetation; (2) vegetation cover; (3) vegetation density; (4) litter present 
on the ground; and (5) shading.
The above major factors affecting the surface R-T-surface soil moisture 
relationship seem to be related to one another. The height of vegetation is 
related to the amount of shading. The amount of vegetation cover and density 
are related to each other and both are also related to shading. Each variable.
tab le  V III
THE CALCULATED "F" VALUE, THE TABLE "F" VALUE AND THE SIGNIFICANCE OF 
DIFFERENCES BETWEEN MEANS FOR GROUPS OF EACH VARIABLE AFFECTING 
THE SURFACE R-T-SURFACE SOIL MOISTURE RELATIONSHIP
Factor
Units of 
measurement
N o . of 
c 1 asses
Calc. 
"F" value
Table "F" 
value
Sig. of 
mean R-T
Slope Coded 4 .96 8.57 No
Aspect Coded 4 .74 8.57 No
Light reading Light levels 4 9.89 4.08 * *
Vegetative type Coded 4 1.61 2.74 No
% Grass Percent 3 .17 19.48 No
% Weeds Percent 3 .16 19.48 No
Vegetation height Coded 3 12.13 4.92 * *
Vegetative cover Percent 3 12.78 4.92 * *
Bare ground exposure Percent 4 ' 2.38 2.74 No
Pebble cover Percent 3 2.39 3.13 No
Litter cover Percent 4 9.91 4.08 * *
Density of vegetation Percent 3 9.23 4.92 * *
**The difference between means is significant at the 99% level of confidence. Those which had no 
significant differences were not significant at the 95% level of confidence.
72
except possibly the amount of litter cover which was found to be a major factor, 
is related to shading.
Vegetation Height, Cover, and Density. These three factors will be dis­
cussed together because they are inter-related. The surface R-T means, for the 
classes of the various vegetation factors, decrease with an increase in the factor 
os shown in Tables IX, X , and X I. As any of these factors increase, the amount 
of shading created by the vegetation also increases and as shading increases at the 
surface of a soil, the R-T of that surface decreases. As vegetative cover increases, 
the surface R-T decreases (Table X ), but there does not seem to be very much of an 
effect until approximately 75% of the sample point surface area is composed of 
vegetation. As vegetation height, cover or density increases, there are other con­
ditions occurring that affect the R-T of the surface. Some are: (1) greater éva­
potranspiration, which lowers the surface R-T at the time of measurement and also 
reduces the heat capacity of the soil; (2) there usually is an increase in the flow 
of air near the surface which increases advective cooling of the surface, decreas­
ing the surface R-T; (3) there is an increase in the surface area which can dissi­
pate heat through advection, radiation, and évapotranspiration. Shading, caused 
by an increase in vegetation height, cover or density, was the greatest influence 
on surface R-T during the collection of data on 205 and 613. Shul'gin (1965) 
found that vegetation cover, at the time of maximum surface R-T/affects the surface 
primarily by shading which decreases the inflow of heat.
TABLE IX
MEAN SURFACE R-T VALUES FOR CLASSES 
OF VEGETATION HEIGHT
Classes
Heights Short Medium Tall
>6" 6" -  24" <24"
N o . of sample points 26 36 10
Mean R-T (°C ) 50.71 47.79 42.54
TABLE X
MEAN SURFACE R-T VALUES FOR CLASSES 
OF VEGETATION COVER
C ia sses
1 2 3 
Percentage range 0-49 50-71 72-100
N o . of sample points 23 29 20
Mean R-T (°C) 50.46 49.16 43.92
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TABLE XI
MEAN SURFACE R-T VALUES FOR CLASSES OF VEGETATION DENSITY
Classes 
Percentage range
1 2 
0 - 1 0  n -2 0
3
21-45
N o. of sample points 21 32 19
Mean R-T 51.49 47.56 45.33
TABLE XII
MEAN SURFACE R-T VALUES FOR CLASSES OF LITTER COVER
Classes 1 2 3 4
Percentage range 0-14 15-25 26-39 40-65
No. of sample points 21 20 13 18
Mean R-T 44.18 47.96 50.27 51.33
TABLE XIII
MEAN SURFACE R-T VALUES FOR CLASSES OF LIGHT READINGS
Classes 1 2 3 4
Range of class 13.0-13.6 13.7-13.8 13.9-14.1 14.2-15.9
No. of sample points 13 26 17 16
Mean R-T 42.13 49.44 49.16 49.73
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Litter Cover. The surface R-T increases as the percent coverage of 
litter on the sample point increases, as shown in Table XI I .  This effect is due 
to the litter acting as an insolator. The litter was observed to be quite light in 
color suggesting its having a high albedo, a large amount of reflection in the 
visible light range of the electro-magnetic spectrum. Litter was also a good 
absorber and radiator in the infrared area of the spectrum. The upper litter sur­
face got very hot but, because of its insolation effect, the lower side was cooled 
by the soil surface. The heat absorbed at the upper surface was reradiated away 
from the soil surface. This reradiated heat was recorded by the radiometer so the 
more radiating litter surface present on a sample point, the higher the surface 
R-T of the sample point. Litter on the ground becomes much hotter than standing, 
dead plants because less surface area is exposed to the air and also because there 
is less air movement at the surface of the ground. Therefore, a sample point sur­
face which is covered by litter will have a higher surface R-T than it would have 
were the litter not present.
Shading. As mentioned earlier, light readings were taken mainly as a 
measure of the amount of shading. The main factors contributing to shading 
were: the height, coverage, and density of vegetation in and around the sample 
point. As the amount of litter present on the ground increased, the light read­
ings recorded increased.
The mean surface R-T for four classes of light readings are presented in 
Table X I I I .  The second, third, and fourth classes seem to have about the same
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mean surface R-T while the first class has a mean R-T which is much lower. The 
greatest factor affecting the lower light readings, on the fairly uniform study 
area, is shading. Some of the other factors that affected light readings were: 
the color and density of vegetation, the amount of bare ground exposed, the 
slope of the soil surface at the sample point, the amount of ground litter exposed 
to direct sunlight, and the amount of standing dead vegetation. The other factors 
seem to have a secondary effect when compared to the effect of shading.
The Atmospheric Factors.
A descriptive analysis of the graphs of mean surface R-T versus time 
seems to best illustrate the major atmospheric variables found to affect the sur­
face R-T -surface soil moisture relationship. This analysis should also provide a 
better understanding of the configuration and abnormalities between graphs.
Figure 19, the graph for data collected on the first tour, shows a maxi­
mum range of temperature between plots of about 5°C . By comparing mean 
soil moisture content values from Table IV with Figure 19, it is observed that the 
surface R-T-surface soil moisture relationship between plot means is not very con­
sistent on this tour. Between the 11:00 AM to 6:00 PM time period (MDT), there 
ore a number of changes in the order of mean surface R-T. These changes are 
due, in part, to an increase in cloud cover around 3:00 PM and a later decrease 
as shown in Table XIX of the appendix. A trace of precipitation was recorded on 
July 17 (two days before data collection) as shown in Figure 20. The resulting 
minor increase in surface soil moisture also influenced the changes in the order
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of surface R-T means in that as the incoming solar radiation increased, the evapo­
ration of surface soil moisture increased. An increase in evaporation near the 
soil surface would cause a lowering of surface R-T because heat energy is con­
verted in evaporation and also infrared rays are absorbed by the resulting water 
vapor (Gates, 1962). During the same time period that cloud cover increased, 
there was a small increase in wind velocity on the plot as shown in Table XIX of 
the appendix. An increase in wind velocity may cause an advective movement 
of heat along the ground surface, thereby causing erroneous measurement of sur­
face R-T at a sample point (Gates, 1962). A combination of recent precipitation, 
clouds moving between the sun and the study area causing fluctuations in the 
amount of incoming solar radiation, fluctuations in the rote of evaporation and 
an increase in wind velocity seem to be the major atmospheric factors associated 
with the change of order of means of surface R-T on this tour.
The graph of data collected on the second tour. Figure 21, has a maxi­
mum temperature range between plots of 4 .^ C  and fewer crossovers than were 
observed on tour one during the same time period. There were clear skies and 
calm wind conditions on this tour, and no precipitation was recorded since before 
the first tour. Clear skies, calm winds, and a longer period of time since preci­
pitation were the only noticeable differences between the first and second tours. 
Thus, weather conditions seem to have caused the changes in ranks of surface 
R-T on the first tour. The change of the mean surface R-T for plot three, from 
being the warmest in the morning to the coolest during the period of peak surface
FIGURE 21
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R-T, occurred because one of the sample points in this plot is located near the 
wet area, as was discussed earlier. This area will be warmer in the morning and 
cooler in the afternoon and evening because of its heat-holding capacity and 
evaporation characteristics.
The third tour was started on the morning after the first irrigation treat­
ment. As shown in Figure 22, there is considerable difference between the wet 
and dry plots but very little difference in surface R-T between the wet plots.
This is probably due to the irrigation procedures used on the first treatment. The 
plot which was irrigated least was irrigated last and the plot irrigated the longest 
was irrigated first. Water was able to move through the soil profile on the plot 
irrigated first and therefore was not as available for evaporation as water on the 
plot irrigated last. Having more water available for evaporation at the soil 
surface in the least irrigated plot lowered the surface R-T on that plot. By com­
paring the positions of the surface R-T means at the time of maximum surface R-T 
with the mean soil moisture contents in Table IV, it is observed that the locations 
of mean surface R-T values are just reversed from what was expected. Due to 
instrument failure, the third tour did not extend into a second day. If data had 
been collected, the mean surface R-T values would have, most likely, been a 
better representation of the surface soil moisture content of the plots.
The differences in surface R-T means during the period of maximum R-T 
for the first day of collection on the fourth tour, shown in Figure 23, resemble 
the surface soil moisture means as shown in Table IV, excluding the sample
82
point near the area of open water. The second day. Figure 24, has a greater 
spread of surface R-T and some changes in the location of means. The second 
day seems to better represent the supplementary soil moisture samples taken on 
the fourth tour, shown in Table XXV of the appendix. The first day of this tour 
seems to be influenced more by the method, amount, and order of irrigation than 
the second day. Examination of the graphs for the two days of the fourth tour 
and expanded graph between 5:00 PM of the first day and 10:00 AM of the 
second day. Figures 23, 24, and 25, reveal many changes in positions of surface 
R-T means before sunset and also after sunrise. The wettest plot is warmest at 
night due to the volumetric heat capacity of the soil on the plot. During the 
day this plot absorbs a larger amount of heat than the other plots and at night is 
warmer because the stored heat is reradiated back into the atmosphere. The next 
wettest plot is reacting in the same way as the wettest plot. Plots three and 
four, which received the least amount of irrigation, do not have a very high 
volumetric heat capacity. These plots are, therefore, cooled quite quickly at 
night. Plots one and two, which were not irrigated and have a lower soil mois­
ture content, reradiate heat back to the atmosphere more slowly than plots three 
and four do, therefore, they do not cool off as fast. Because plots one and two 
do not cool as fast as three and four at night, these two plots are located between 
three and four below and plots five and six above in Figure 25. (Shul'gin, 1965) 
The fifth tour. Figure 26, was aborted after six collection periods due 
to a frontal system moving in. This system caused an increase in wind velocity 
and cloud cover. The effects of these atmospheric factors are observed in
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Figure 26 by the lack of good separation between surface R-T means as compared 
to the other tours and by the changes in R-T ordering between 1:00 PM and 5:00 
PM (MDT). The mean surface R-T values for the plots at 2:40 RM (1:00 PM LAT), 
have a poor relationship with surface soil moisture measurements which are shown 
in Table IV. There also was 0 .5  inches of rain that fell over a three-day period 
that ended one day before the fifth data collection tour was made. The air 
temperature was lower and the relative humidity higher during this tour than any 
other, os shown in Table XXIII of the appendix. The worst weather conditions 
were encountered during this tour and, as the graphs show, the most poorly rela­
ted surface R-T -surface soil moisture data was collected.
The sixth data collection tour. Figures 27 and 28, was found to best rep­
resent the surface R-T-surface soil moisture relationship as was discussed in 
Chapter IV . There was a four-day drying period between the last precipitation 
and the sixth data collection tour, as shown in Figure 20, and the control plot 
had dried considerably from what it had been for the two previous collection tours. 
This can be seen by looking at plots one and two for the fourth, fifth and sixth 
tours in Table IV . The greatest range of soil moisture conditions was observed 
on this tour as indicated by the largest span of surface R-T at the periods of maxi­
mum surface R-T for any tour. The skies were clear, relative humidity was low, 
winds were calm and no precipitation had fallen for four days prior to the tour. 
These factors, being as they were, made this, the sixth tour, ideal for (fata col­
lection .
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From the discussion of surface R-T graphs, the major atmospheric factors 
that appear to affect the surface R-T-surface soil moisture relationship are; the 
length of time since, and the amount of the last precipitation; cloud cover; rela­
tive humidity; and wind velocity. Air temperature and relative humidity both 
seem to be related to cloud cover on the days data was collected; as cloud cover 
increased, air temperature decreased and relative humidity increased.
Precipitation. Precipitation increases the amount of moisture at the 
soil's surface, which lowers the surface R-T of the soil during the period of maxi­
mum surface R-T. Between tours four and five about 0.5 inches of precipitation 
were recorded, the effects of which can be seen in Figures 23, 24, and 26. Pre­
cipitation appears to lower the surface R-T of a dry soil to a greater degree than 
that of a moist soil. There is a difference of about 7°C  between the maximum 
surface R-T of the control plot between the first day of tour four, and tour five. 
The wettest plot had, for the same tours, only a 5°C difference. Precipitation 
not only lowers the maximum surface R-T, but also reduces the difference in sur­
face R-T between soils with different amounts of surface soil moisture. Although 
the example shown is a poor one, because tour five was affected by adverse 
weather conditions (which also contribute to reducing the surface R-T), it is felt 
that the situation observed is an example of what would be expected to happen if 
the proper weather conditions were present. The surface R-T values would act 
this way because precipitation falling on a dry plot of the study area would enter 
the soil at a slower rate than on a moist plot; also, on a non-irrigated, dry plot
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the penetration of water will not be os deep as on one that is irrigated. Addi­
tional water would remain closer to the surface on the dry soil and, therefore, 
would be more readily available for evaporation which lowers the surface R-T. 
On a soil having been already penetrated quite deeply by water, the additional 
water will flow through the upper profile by gravitational movement and not be 
as available for evaporation as water in the dry area. Therefore, if evaporation 
is less on the wetter soil, the surface R-T could, possibly, be higher than the 
drier soil (Lutz and Chandler, 1961). An ample time after a period of precipi­
tation should be allowed for evaporation of water near the soil surface before 
representative surface R-T data can be acquired. This drying period would vary 
for different soils, weather conditions, and time of year. As can be seen in 
Table IV, there was about a ten percent soil moisture loss on the control plot 
between tours five and six. The drying period between precipitation and the 
sixth data collection tour was only four days.
Cloud Cover. Cloud cover scatters and also reduces solar radiation 
reaching the earth (Reifsnyder and Lull, 1965). The scattering and reduction 
of solar radiation reduces the magnitude of the surface R-T at that time.
Shul'gin (1965) observed that conditions of cloudiness, precipitation, winds, 
etc ., are responsible for considerable deviations in the diurnal course of soil 
temperature. Clouds, when present during data collection, are a partial cause 
for deviation of readings from the mean calculated for a number of readings.
If, when collecting surface R-T data, scattered clouds move between the sun and
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the area being sampled, occasional shading created will cause those readings 
taken during the shaded periods to be lower than those taken when no clouds 
are present. Data collected indicates that a continuous cloud cover causes a 
lowering of air temperature accompanied by on increase in the relative humidi­
ty of the air which lowers and obscures the surface R-T. Therefore, collecting 
data on qn overcast day does not seem advantageous to detect differences in 
surface R-T because the differences will not be as large as on a clear day and 
also the differences would be obscured by higher relative humidity.
Wind Velocity. An increase in wind velocity causes a lateral move­
ment of heat near the soil surface which affects the surface R-T. An increase 
in wind velocity during the period of maximum surface R-T would tend to 
lower a high surface R-T and raise a lower surface R-T. As the wind velocity 
increases, differing surface R-T's will tend to become uniform. To detect 
differences in surface R-T on an area, a day with no wind at all would be most 
desirable. With no wind, the characteristics of the climate near the soil sur­
face are maintained through differences in the utilization of incoming and out­
going radiation. Wind causes differences in surface R-T to vanish by mixing 
the air completely (Geiger, 1965).
"Relative Humidity. As discussed earlier, an increase in relative humi­
dity causes a lowering of surface R-T. This lowering of surface R-T occurs in 
part because both incoming solar radiation and radiation emitted by the soil 
surface are absorbed by water vapor.
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I I I .  THE OPTIMUM CONDITIONS TO DETECT SURFACE RADIATION- 
TEMPERATURES RELATED TO SURFACE SOIL MOISTURE
Ward (1966) said that "The imagery most likely to show the greatest
tone differences as related to soil moisture differences can best be imaged under
the following conditions:
a . at least two weeks since the previous precipitation
b. a cloudless day
c . a day with little wind on the ground
d. between 1100 and 1300 hours
e . low humidity
f .  stable air mass conditions."
The analysis and discussion presented in this study appear to substantiate his con­
clusions with minor modifications.
Optimum Time of Day and Year '
From previous onalysis and discussion and as shown in the graphs of sur­
face R-T plotted over time (Figures 19, 21, 22, 23, 24, 25, 26, 27, and 28) 
the maximum differences in surface R-T between plots occurred shortly after 
true solar noon when surface R-T was at a maximum. During this study, the 
best time of day to collect surface R-T data related to differences in surface 
soil moisture was between 1:30 and 4:00 PM Ç\ADT). The differences in surface 
R-T means for areas having different surface soil moisture contents were at their 
greatest during this period and therefore were best distinguished from each other.
The major factor affecting the temperature of the soil is the amount of 
radiant energy received from the sun. Some of the radiation from the sun is 
lost in the earth's atmosphere before it reaches the earth's surface, due mainly
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to water vapor in the earth's atmosphere. The largest extremes in temperature 
occur when the atmosphere is dry and clear; days are hot and nights are cool 
under these conditions. A moist and cloudy atmosphere tends to create more 
uniform temperatures. The temperature of a soil is also affected by its mois­
ture content; the drier a soil is, the higher is its maximum surface temperature 
(Baver, 1956). Baver also says that "Excessive amounts of cool rain during the 
early spring months often hinder the warming up of the soil, owing to the high 
specific heat of water." Baver (1956), Shul'gin (1965), Lutz and Chandler 
(1961), among others, claim that soil temperature reaches a maximum in late 
June, July, and August in the Northern Hemisphere when the atmosphere is 
dry and clear.
The greatest amount of precipitation, for a three-month period, occurs 
in April, May and June, as shown in the weather summary presented in Appen­
dix D. This precipitation helps the soil maintain a high moisture content until 
late June. As can be seen in Table IV, the moisture content of the soil 
increased again in August due to an increase in the amount of precipitation and 
also because there is a decrease in the amount of solar radiation which reaches 
the earth's surface. This decrease reduces the rate of evaporation of surface 
soil moisture. The period of peak insolation radiation occurred in June, as 
shown by the top line in Figure 29. The month with the highest average temper­
ature and lowest relative humidity around the study area is July.
By observing the surface R-T at its maximum during the year, the great­
est difference in the surface R-T between different soil moisture sites is observed.
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As can be observed in Figure 29, the maximum recorded surface R-T was observed 
on July 19. On this date, the difference between the highest and the lowest 
surface R-T was about thirteen degrees centigrade. Later in the summer, the dif­
ference between the highest and lowest readings decreased and in October the 
difference was only two and one-half degrees. The best time of the year to 
gather surface R-T data, or infrared imagery of an area, to detect differences in 
surface soil moisture is that time when the surface soil temperature, or surface 
R-T, is at its maximum.
Weather Conditions
A two-week waiting period between precipitation and surface R-T data 
collection, or infrared imagery, may not be necessary during the summer. As 
was discussed in the last section, a four-day drying period between five-tenths 
of an inch of precipitation and the sixth data collection tour was ample time to 
reduce the surface soil moisture of the control plot by ten percent. Despite 
only a four-day drying period, the sixth tour proved to best illustrate the desired 
relationship. During the summer months in Montana the rate of evaporation is 
greater than at any other season due to the amount of solar radiation received at 
the earth's surface. Therefore, it is thought that the drying period between 
precipitation and data collection can be less than two weeks during the summer.
As discussed in the last section, clouds had an adverse effect on surface 
R-T. The data that was found to be best was collected on a cloudless day.
Besides having a cloudless day for collecting surface R-T data related to surface
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soil moisture, wind velocity should be very low, relative humidity should be 
low and air mass conditions should be stable.
IV . USING SURFACE RADIATION-TEMPERATURES TO CLASSIFY 
AND MAP SURFACE SOIL MOISTURE
As was described in Chapter IV, two methock were used to attempt to 
classify and map surface soil moisture using surface R-T data taken on the study 
area.
Using the first method, surface R-T data collected on 613 was sorted on 
on IBM card sorter which put the cards in order from the lowest to the highest 
surface R-T measurement. A graph of frequency over surface R-T was developed 
and used to establish classes of surface R-T. The five classes found were trans­
ferred to a graphic analysis form as shown in Figure 30. The same methods and 
procedures were used to develop a type map of surface soil moisture as shown in 
Figure 31. The graphic analysis forms were studied to see how many sample 
points fell in the same classes whether typed by moisture or surface R-T. 
Twenty-six of the seventy-two points fell in the same classes. In other words, 
about thirty-six percent of the surface soil moisture type map was identical to 
the surface R-T type map. If an error of one class difference was also counted, 
sixty of the seventy-two points fell within the limits. In other words, about 
eighty-four percent of the surface soil moisture map was within + one class of 
the classes of the surface R-T map.
FIGURE 30
GRAPHIC ANALYSIS FORM MAPPING R-T 
Legend; 1 -  hot; 2 -  moderately hot; 3 -  moderately cool; 4 -  cooler; 5 -  coolest, 
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FIGURE 31
GRAPHIC ANALYSIS FORM MAPPING SOIL MOISTURE
Legend; Soil moisture is listed by classes. They are:
1 -  dry; 2 -  moderately dry; 3 -  damp; 4 -  moist; 5 -  wet.
oo
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As discussed in Chapter IV, the second method involved the transfer­
ring of surface R-T data, listed in order from the lowest to the highest readings, 
to a graphic analysis form. This was done knowing that irrigation was applied 
and that each treatment covered two rows of sample points. When a total of 
eight sample points in any two adjoining columns of Figure 32 had been filled 
with a value, those two columns were said to be in the same plot or treatment. 
The sixth plot, being the wettest as described earlier, had eight readings before 
any other plot. The fifth plot was next, then the fourth; but at the third plot, 
the order of filling columns varied as shown in Figure 32. This method showed 
that plot six was the coolest plot; plot five was the next coolest; and that plot 
four was next in order, but that plots one, two, and three all seemed to be 
related to each other, which is what was found to be the case in the first 
section of this chapter. Relating these results to surface soil moisture, the 
wettest plot had cooler temperatures than the other plots, so eight surface R-T 
measurements accumulated in the appropriate two columns first and so on, until 
the third plot. The results of this method seem to be in agreement with the 
results found in the first section of this chapter.
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FIGURE 32
GRAPHIC ANALYSIS FORM LISTING R-T 
IN ORDER FROM LOW TO HIGH
*These figures ore the total number of readings listed before eight readings appeared in adjoining 
columns. When this happened, the two columns were said to be within the same irrigation treatment.
CHAPTER VI
CONCLUSIONS
There is a strong inverse relationship between surface R-T and surface 
soil moisture on the study area. The source of water at the soil surface and/or 
the volumetric heat capacity of the soil are major factors in determining the 
surface R-T.
There are a number of factors which affect and/or disguise the surface 
R-T-surface soil moisture relationship. The most important of these factors, at 
the earth's surface, are; (1) the height of vegetation; (2) the amount of vege­
tative cover; (3) vegetation density; (4) litter present on the ground; and 
(5) shading, which seems to have the greatest effect. As long as these factors 
are uniform their effect will be minimal. An increase in any of the above fac­
tors, except litter cover, causes a lowering of the surface R-T during the period 
of maximum surface R-T. As litter present on the ground increases, the surface 
R-T increases.
  The major atmospheric factors affecting the surface R-T-surface soil
moisture relationship are: (1) the length of time since and the amount of the
last precipitation; (2) cloud cover; (3) relative humidity; and (4) wind 
velocity. Precipitation lowers surface R-T and also causes areas of differing 
soil moisture content to become more uniform in surface R-T. Cloud cover 
reduces the magnitude of the surface R-T and also is a partial cause for the 
deviation of readings taken on an area having similar moisture conditions. An
104
increase in relative humidity causes a lowering of surface R-T because both 
incoming solar radiation and radiation emitted by the soil surface are absorbed 
by water vapor. Wind tends to cause areas of differing surface R-T to become 
uniform, due to mixing of the air near the surface of the ground.
The optimum time and conditions to collect surface R-T data related 
to surface soil moisture differences, either using a radiometer or an infrared line 
scanner are;
1. In late June or July during the period of greatest solar radiation 
receipt and soil moisture stress.
2 . Between 1200 and 1430 hours (Local Apparent Time).
3. When the effects of past precipitation are minimal, about a week 
of ter o precipitation during the summer.
4 . On o cloudless day.
5 . When there is little or no wind, low relative humidity and stable 
air mass conditions.
Using surface R-T data collected under the above conditions and having 
some previous knowledge of the size of the areas of differing amounts of soil mois­
ture and methods of irrigation or types of soil water, the surface soil moisture of 
an area can be mapped. This phase of the project should be studied more deeply.
Surface soil moisture and, more so, the amount of water in the soil 
influences the surface R-T of that soil. Soil moisture samples yield measurements 
of soil moisture of a very localized area. The surface R-T is an average R-T for 
a larger area and seems to give a better indication of the water content of a soil. 
As the size of the area being sampled increases, the reading would be a better
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indication of the surface R-T related to soil moisture. One of the factors 
which disguises the surface R-T-surface soil moisture relationship may be the 
dominant factor affecting the R-T emitted by the eighteen -inch diameter circle 
being sampled. If the circle were increased to perhaps ten feet in diameter, 
the above factor would be just a small part of the area sampled. If a regression 
curve were developed taking into account the effects of the major affecting 
variables, one could accurately determine soil moisture using surface R-T 
acquired by a radiometer or infrared line scanner. This method could be 
applied to: increasing the efficiency of irrigation, locating sources of water; 
and developing more efficient land use.
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APPENDIX
APPENDIX A
METHODS AND PROCEDURES USED TO DETERMINE 
CALIBRATION CURVES
Due to the inability of the Stoll-Hardy Radiometer to measure tempera­
ture differences accurately at various ambient temperatures, calibration curves 
were developed for three ranges of ambient temperature. The radiometer may be 
unable to measure temperature differences accurately due to a change in resistance 
in the circuit with a change in the ambient temperature and also to oscillations 
of the electrical current within the instrument. The most accurate method to find 
correction values is to calibrate the instrument before and after each measurement, 
which is impossible to do under field conditions. An alternate method was to 
develop a calibration curve for a range of temperatures.
Three calibration curves were developed: one for a low ambient, one 
for an intermediate range ambient, and one for a high ambient temperature.
To determine the values for o calibration curve, the radiometer is used 
to determine the difference between the ambient temperature and a known tem­
perature source, the known temperature source being a leslie cube. The differ­
ence between the temperature measured by the radiometer and the actual tem­
perature of the leslie cube is the error in the radiometer reading for that 
specific temperature and ambient. The temperature of the leslie cube is raised 
or lowered and the radiometer is again used to measure the temperature of the
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leslie cube under the same, or nearly the same, ambient temperature. The dif­
ference between the radiometer measured temperature and the actual temperature 
is the error in the radiometer reading for this new specific temperature and the 
ambient temperature. This procedure is repeated until enough error values are 
acquired to construct a calibration curve for the desired ambient temperature. 
This method and procedure is repeated for as many ambient temperature ranges 
as are needed for the work being done. An example of the correction value 
determination for one specific leslie cube temperature at an intermediate range 
ambient temperature is illustrated below:
Leslie Cube Ambient Radiometer Radiometer Difference to
Temp. Temp. Reading Temp. Leslie Cube*
49.0°C 24.00°C +26.50°C 50.50°C -1.50°C
*The difference to the leslie cube temperature is the correction value.
APPENDIX B
ADJUSTMENT OF INDIVIDUAL SAMPLE POINT SURFACE R-T 
TO THE SAME POINT IN TIME
Surface R-T measurements were collected over a period of time ranging 
from forty-five minutes to about one hour. To corn pa re measurements of indivi­
dual sample points or groups of sample points, it would have been desirable to 
take all surface R-T measurements at one point in time. The means and/or equip­
ment necessary to take all measurements at one time were not available for this 
study. Instead of taking each measurement at the same point in time, each 
measurement was adjusted to the same point in time.
To adjust each sample point surface R-T measurement, the measurements 
taken for a sample point before, during and after the time of peak surface R-T 
were plotted over time on a graph. A curve of best fit was drawn through the 
three points. A perpendicular line was drawn through the surface R-T curve at 
the desired point in time. The chosen time was the mean time of data collection 
for 205 and 613. The adjusted surface R-T value for a sample point was that 
value at the point where the time line intersected the surface R-T curve. A 
curve was constructed, and an adjusted surface R-T value determined for each 
sample point on 205 and 613.
APPENDIX C 
TOPOGRAPHIC MAP CONSTRUCTION
In the fall of 1967 small camera aerial photographs having stero cover­
age of the study area were acquired. The photographs were taken from a single­
engine plane using a Hasselblad 500 C camera. This camera takes two and one- 
fourth by two and one-fourth-inch photographs.
Four-power enlargements of the photographs were made to enable 
mounting them on the plates of a Zeiss Stereotop. A topographic map was cons­
tructed using this instrument. The height of each sample point, plotted on the 
photograph, was found relative to the northeast corner of the study area using 
the Zeiss Stereotop. A topographic map having two-foot contour intervals was 
then drawn, using the determined sample point heights. The topographic map is
I
shown in Figure 3, page 23.
To determine the accuracy of the topographic map, the height of a num­
ber of the sample points and all corners were found in the field. All point whose 
height was found in the field fell within the contour intervals determined using 
the aerial photographs.
The some four-power enlargements of the aerial photographs were used to 
develop a vegetation type map of the study area. Due to the uniformity of the 
vegetation in the area and the lock of enough contrast on the photographs to 
develop a type map of sufficient accuracy, the vegetation type of each sample 
point was determined by on-the-ground observation.
APPENDIX D 
WEATHER SUMMARY
Weather conditions are an important factor in the measuring and the 
accuracy of the measurement of the R-T of a surface or object. A continuous 
record of weather conditions was maintained for the duration of the study as a 
method of control of the weather conditions.
A weather station was established on the study area which measured 
and recorded air temperature, relative humidity and precipitation. Weather 
records for the proximity of the study area for previous years were taken at the 
Greenough Post Office which is about one mile south of and two hundred feet 
higher than the study area (Steele, 1968).
The late spring and early summer of 1968 were very warm and dry. As 
shown in Table X IV , the precipitation in July was below normal. Precipitation 
for August and September of 1968 was above normal and had an adverse effect on 
the study.
Daily weather conditions on the study area are given in Tables X V I, 
X V II, and X V III. Weather conditions during collection tours are given in 
Tables XIX  to X X IV .
I TABLE X IV
AVERAGE WEATHER DATA FOR JULY, AUGUST A N D  SEPTEMBER, 1968
A N D  A TWELVE-YEAR PERIOD PRIOR TO 1968
July* Aug. Sept.
1968 12-yr. ovg. 1968 12-yr. avg. 1968 12-yr avg.
Average temp. ( ®C) 16.3 17.4 16.2 16.2 12.0 11.1
M in . temp. (°C ) 0 .4 -2 .2 2 .0  . -2 .2 0.5 -10 .0
M ax. temp. (°C ) 36.8 40.5 34.1 40.0 33.2 38.4
Average daily
M ax. temp. ( C) 28.3 28.8 25.8 27.4 19.9 20.8 '
M in . temp. (°C ) 4 .3 6.1 6.7 5.1 4.1 1.1
M in . re l. humid . (%) 12.0 26.3 23.0 27.3 30.0 32.9
Precip. for mo. (in .) 0.10 0.70 1.26 1.05 2.81 1.22
*  Weather conditions were recorded from the 16th of July on, in 1968,
o>
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TABLE XV
AVERAGE MONTHLY WEATHER DATA AT THE GREENOUGH 
POST OFFICE WEATHER STATION
Month Temperature
(°C)
Precipitation
(inches)
Minimum 
Relative Humidity 
(percent)
January -7 .8 2.20 62.1
February -4 .4 1.16 48.8
March -2 .2 1.18 39.1
April 3.1 1.49 36.1
May 8.6 1.44 34.0
June 12.7 2.64 34.7
July 17.4 .70 26.3
August 16.2 1.05 27.3
September 11.1 1.22 32.9
October 4.6 1.36 41.0
November -2 .9 1.26 54.6
December -6 .6 1.57 61.7
NOTE: Average minimum relative humidity is the average for all the 
daily minimums recorded during the month.
TABLE XVI
118
STUDY AREA WEATHER DATA FOR JULY, 1968
Temperature (°C) Relative Humidity (%)
Date M ax . M in . Max. M in . Precip.
1
2
3
4
5 0
6 0
7 0
8 0
9 0
10 0
11 0
12 0.05
13 0
14 0
15 H y g r o t h e r m o g r a p h  I n s t a l l e d 0
16 28.6 3.0 92 10 0
17 25.2 7 .5 86 10 0.05
18 29.0 1.8 84 8 0
19 35.3 3.3 77 6 Trace
20 22.0 7 .0 80 24 0
21 29.8 0 .4 91 11 0
22 28.9 4.1 80 11 0
23 28.5 6 .0 82 14 0
24 31.6 6 .8 86 11 0
25 31.9 7 .9 85 14 0
26 32.2 5 .9 82 14 0
27 34.6 9.0 84 10 0
28 36.8 10.2 80 10 0
29 33.5 8.0 74 12 Trace
30 23.9 10.0 70 30 0
31 29.2 1.3 93 7 0
Total 481.0 74.2 1326 202 0.10
Mean 28.3 4 .3 78 12
NOTE: The rain gauge was installed on July 5 and the hygrothermograph 
on July 15.
TABLE XVII
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STUDY AREA WEATHER DATA FOR AUGUST, 1968
Date
Temperature (°C ) 
M ax. M in.
Relative Humidity (%) 
M ax. M in. Precip.
1 32.1 3.1 84 12 0
2 34.1 5 .8 80 10 0
3 33.1 12.3 72 18 Trace
4 30.8 8.2 90 18 Trace
5 31.0 9 .0 94 14 0.05
6 31.2 5.1 82 14 0
7 34.0 4 .4 76 12 0
8 33.5 8.0 69 14 0
9 28.0 8 .9 83 32 0
10 27.1 11.2 77 34 0
11 29.1 7.1 92 15 0
12 30.0 3.8 86 10 Trace
13 28.2 7 .9 71 22 0.10
14 22.5 12.3 85 34 0.35
15 11.8 8 .0 85 54 0.20
16 22.0 6 .8 85 25 0.05
17 13.0 6.2 86 68 0.13
18 19.4 9.2 86 26 Trace
19 17.3 7 .5 87 28 Trace
20 18.6 8 .3 86 33 Trace
21 20.9 9.2 86 22 0.05
22 20.1 6 .9 82 22 0
23 21.5 2 .0 90 22 0
24 31.1 2 .9 88 9 0
25 33.1 4 .8 86 7 0
26 24.1 5 .8 81 21 0
27 23.9 5 .9 89 25 0.19
28 18.7 8 .6 86 33 0.14
29 22.9 2 .0 89 23 0
30 27.0 2 .9 89 14 0
31 29.6 3 .9 87 9 0
Total
Mean
799.7
25.8
208.0
6.7
2609
84
701
23
1.26
TABLE X V III
STUDY AREA WEATHER DATA FOR SEPTEMBER, 1968
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Date
Temperature (°C ) 
M ax. M in.
Relative Humidity (%) 
M ax. M in. Precip.
1 23.0 3.8 86 26 0
2 13.6 3 .0 88 48 0.25
3 16.3 4 .8 90 34 0.05
4 19.5 5 .7 87 26 0
5 23.9 2 .3 87 23 0
6 25.5 5 .3 86 20 0
7 23.9 10.2 77 19 0
8 28.1 2 .8 89 13 0
9 31.2 3.0 88 12 0
10 33.2 6.1 85 11 0
11 27.0 9.2 79 26 Trace
12 22.0 7 .5 87 29 0.25
13 25.3 3.1 87 18 0
14 17.0 7 .4 86 36 0.22
15 13.3 5 .6 85 39 0.10
16 13.2 4 .3 90 41 0.07
17 16.5 7 .6 76 46 0.07
18 16.0 7 .0 85 45 0.30
19 14.0 5.1 87 33 0.05
20 6.1 1.2 86 72 1.05
21 6 .0 1.0 87 56 0.20
22 10.9 2 .9 87 41 0
23 16.9 6 .0 77 34 0
24 20.2 0 .5 89 24 0
25 23.0 1.5 89 19 0
26 24.9 0.5 87 15 0
27 17.0 1.7 87 22 0
28 20.3 1.8 88 28 0
29 23.2 1.1 89 26 0
30 24.3 0 .5 89 21 0
Total
Mean
595.3
19.9
122.5
4.1
2580
86
903
30
2.81
TABLE X IX
AVERAGE WEATHER DATA DURING COLLECTION PERIODS OF TOUR O N E, JULY 19, 1968
• C o l l e c t i o n P e ri o d
1 2 3 4 5 6 7 8 9
Air temperature 09 17 24 30 34 29 32 22 12
Relative humidity 54 32 20 13 09 07 09 21 40
Wind velocity (MPH) 0 0 1-2 1-2 1-2 2 .1 -6 1-2 2 .1 -6 10
Cloud cover 0 0 0 0 01 * 0 0 0 0
Total insolation 0 10 15 20 20 15 03 0 0
*01 -  Small cumulus clouds covered about one-tenth of the sky over the study area.
Ni
TABLE XX
AVERAGE WEATHER DATA DURING COLLECTION PERIODS OF TOUR TW O , JULY 23, 1968
1 2 3
C ol
4
l e c t i o n
5
Pe r i od  
6 7 8 9
Air temperature 08 14 20 24 28 28 26 20 19
Relative humidity 72 50 34 24 19 15 18 28 35
Wind velocity (NAPH) 0-2 0-2 0-2 2 .1 -4 2 .1 -4 0-2 8.1 0-2 2 .1 -4
Cloud cover 0 0 0 0 0 0 0 1* 0
Total insolation 07 11 18 25 27 25 15 10 09
*1 -  high cirrus clouds overhead
TABLE XX -  continued
C ol1 l e c t i o n Per i o d
10 11 12 13
Air temperature 14 11 08 09
Relative humidity 55 71 82 72
Wind velocity ^ P H ) 0-2 0-2 0-2 0-2
Cloud cover 0 0 0 0
Total insolation 0 0 0 06
N)
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TABLE XXI
I
AVERAGE WEATHER DATA DURING COLLECTION PERIODS OF TOUR THREE, JULY 30, 1968
Co 1 1 e c t i o  n Per i o d
1 2 3 4 5 6
Air temperature n 17 22 26 29 28
Relative humidity 55 35 26 19 13 07
Wind velocity ^ P H ) 0-4 0-4 6.1-8 6.1-8 4.1-6 6,1-8
Cloud cover 0 0 0 0 0 0
Total insolation 16 26 33 34 30 22
I TABLE X X II
AVERAGE WEATHER DATA DURING COLLECTION PERIODS OF TOUR FOUR, AUGUST 30, 1968
1 , 2 3
Co I l e c t i o n  
4 5
Pe r i od
6 7 8 9
Air temperature 09 17 24 25 26 25 15 09 06
Relative humidity 72 44 28 22 18 15 44 73 86
Wind velocity ^ H P ) 0-2 0-2 5 .1 -8 5.1 -8  2.1 -5 0-2 0-2 0 -2 0-2
Cloud cover 0 0 0 0 0 0 0 0 0
Total insolation 11 18 22 21 18 11 0 0 0
|S5
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TABLE X X II continued
10
C ol
11
l e c t i o n
12
Per i od  
13 14 15
Air temperature 04 08 17 24 28 29
Relative humidity 88 68 40 27 12 09
Wind velocity (NAPH) 0-2 0-2 0-2 2 .1 -5  2 .1 -5 5 .1 -8
Cloud cover 0 0 0 0 0 0
Total insolation 05 07 16 22 25 17
i TABLE X X III
AVERAGE WEATHER DATA DURING COLLECTION PERIODS OF TOUR FIVE, SEPTEMBER 6 , 1968
Col1 l e c t i o n  Per i od
1 2 3 4 5 6
Air temperature 05 08 15 21 25 26
Relative humidity 85 79 57 33 22 20
Wind velocity ^ P H ) 0 0 0 .1 -3 3 .1 -5 3 .1 -5
Cloud cover 03 03 07 04 08 04
Total insolation 0 10 23 . 27 24 19
NOTE: As this tour began, there were cirrus clouds covering about three-tenths of the sky over
the plots. The clouds lowered and became thicker until the sky became completely overcast, at which time 
Tour Five was aborted.
TABLE XX IV
!
I
AVERAGE WEATHER DATA DURING COLLECTION PERIODS OF TOUR SIX, SEPTEMBER 9 -  10, 1968
•
1 2 3
C ol
4
l e c t i o n
5
Pe r i o d
6 7 8 9
Air temperature 08 15 23 28 31 30 18 11 9
Relative humidity 77 46 28 18 13 12 36 64 82
Wind velocity (\APH) 0 2 .1 -4 0-2 0-3 0-2 0-2 0 0 -2 0
Cloud cover 0 1* 0 0 1 1 1 0 1
Total insolation 16 22 31 29 22 15 12 0 0
*1 -, high cirrus clouds covered about one-tenth of the sky over the study area.
hO
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TABLE X X IV  -  continued
C o l 1 e c t i o n Peri od
10 11 12 13 14 15
Air temperature 7 12 26 31 33 31
Relative humidity 78 46 22 15 12 13
Wind velocity (MPH) 0 0-2 0-2 0-2 0-3 0
Cloud cover 0 0 1 0 0 0
Total insolation 9 15 20 31 33 26
N )o
APPENDIX E 
GRAPHS OF REGRESSION EQUATIONS
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FIGURE 33
REGRESSION LINE FOR AVERAGE SURFACE R-T AS A FUNCTION  
OF AVERAGE SURFACE SOIL MOISTURE ON 613
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REGRESSION LINE FOR SURFACE R-T AS A FUNCTION  
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FOR INDIVIDUAL SAMPLE POINTS
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APPENDIX F
SUPPLEMENTARY SOIL MOISTURE INFORMATION
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TABLE XXV
SUPPLEMENTARY AVERAGE SURFACE SOIL MOISTURE PERCENT 
BY PLOTS FOR TOURS FOUR AND SIX
Tour
N o.
Plot
No.
Day 
N o .
Sampling Period 
AM Noon PM
Day
No.
Sampling Period 
AM Noon PM
4 1 1 19 19.33 17 2 19 13
2 22 20.75 15 8/31/68 18 . 15
8/30/68 3 30 24.75 21 25 17
4 35 23.25 17 25 19
5 39 24.83 26 28 24
6 32 25.42 24 32 25
6 1 1 10 12.17 13 2 12 6 12
9/9 /68 2 14 12.75 14 8 9 7
3 24 24.00 25 19 19 17
4 22 24.67 21 20 20 24
-...... 5 33 26.33 29 26 25 27
6
•
34 34.75 35 35 32 33
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TABLE XXVI
A COMPARISON OF SOIL MOISTURE MEASUREMENTS USING  
THE GRAVIMETRIC METHOD AND SOILMOISTURE BLOCKS
Tour 
N o .
Method of 
Measurement 1 2
Plot  N 
3
umber
4 5 6
3 Gravimetric* 03 03 07 15 15 21
Moisture blocks** - - 55 50 68 -
4 Gravimetric 19 20 25 23 25 25
Moisture blocks 41 40 79 52 87 91
5 Gravimetric 23 25 29 24 28 32
Moisture blocks 42 80 82 46 84 91
6 Gravimetric 12 13 24 25 26 35
Moisture blocks — - 54 28 70 94
*  Soil moisture measurements using the gravimetric method are a 
percent of moisture present in the soil sample based on the oven-dry weight.
* *  Moisture block readings are in percent based on the water present 
for plant growth. Where there are no readings above, there was not enough
soil moisture present to be measured.
